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Mr. Fuqua, from the Committee on Science and Technology,
submitted the following

REPORT

I. INTRODUCTION

On January 28, at 11:39 a.m., the Space Shuttle Challenger and
its crew suffered a tragic accident during launch. That same day
the House of Representatives adopted H. Res. 361 which expressed
the profound sorrow of the House for the tragedy and offered con-
dolences to the families of the Challenger crew members.

During consideration of the resolution Chairman Fuqua informed
the full House of Representatives that, in conformance with its
oversight responsibilities, the Committee on Science and Technolo-
gy would conduct a comprehensive investigation into the cause of
this accident.

This report is the result of the Committee’s inquiry. It contains
the best efforts of the Committee to review the work of the Presi-
dential Commission on the Space Shuttle Challenger Accident
(hereafter referred to as the Rogers Commission) and the work of
the National Aeronautics and Space Administration (NASA) in in-
vestigating the causes of the accident, and reviewing the recom-
mendations to resume safe flight.

In addition to reviewing the five volumes of the Rogers Commis-
sion Report, the Committee also had direct on-line access to the
entire Rogers Commission data base, which included full-text and
document retrieval capability.?

The findings and recommendations contained in this report are
the product of the Committee’s own extensive hearing record,

t Report of the Presidential Commission on the Space Shuttle Challenger Accident, Volumes I-
V, Washington, D.C., June 6, 1986. (Hereafter referred to as Rogers Commission Report.)
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which includes materials submitted for the record, staff investiga-
tions, interviews, and trips.

It should be understood that the role of this Committee is differ-
ent from that of the four-month Rogers Commission. The Commit-
tee, which authorized the funds and reviewed the lengthy develop-
ment process which led to the successful Shuttle program, has a re-
sponsibility to insure that the tragic accident, and those events
that led up to it, are understood and assimilated into all levels and
activities of NASA so that safe manned space flight can be re-
sumed.

In carrying out its annual authorizing responsibilities, the Com-
mittee endorses the programs and activities of NASA, and func-
tions as a key player in the legislative activities of our federal
system. As part of the fulfillment of this role, the Committee has
reviewed the report of the Rogers Commission, called upon numer-
ous witnesses, and utilized many members of its staff to prepare
and review the material that has produced this report.

The Committee has been most fortunate in its work due to the
diligent and thorough investigation undertaken by the Rogers Com-
mission and the NASA investigation panels that supported the
Commission. The Commission’s exhaustive efforts to achieve com-
pleteness as it came to grips with a very complex technical and
management system are very commendable, and will serve as a
model for future Presidential Commissions. ‘

The Committee wishes to express its appreciation for the assist-
ance of the House Administration Committee, the Rogers Commis-
sion staff, and the Justice Department’s Office of Litigation Sup-
port, Civil Division. Each of these groups was very cooperative and
helpful in providing the access to, and equipment for, the Challeng-
er accident data base needed by the Committee to do its work. In
addition, the Committee very much appreciates the assistance of
NASA personnel who responded to numerous requests for briefings
and documents during the course of the investigation.



II. CONCLUSIONS

In execution of its oversight responsibilities, the Committee on
Science and Technology has conducted a thorough investigation of
the Challenger accident. Although the Committee’s concern and
evaluation in this report are related specifically to the safe and ef-
fective functioning of NASA’s Space Shuttle program, it should be
understood that our larger objective and greater responsibility are
to insure that NASA, as the Nation’s civilian space agency, main-
tains organizational and programmatic excellence across the board.

What we as a Committee, NASA as an agency, and the Nation as
a whole, also must realize is that the lessons learned by the Chal-
lenger accident are universally applicable, not just for NASA but
for governments, and for society. We hope that this report will
serve this much larger purpose.

The Committee’s investigation included: ten formal hearings in-
volving 60 witnesses; an extensive review of the report of the
Rogers Commission along with its voluminous supporting appendi-
ces and related reports by the investigation panels at NASA, as
well as numerous briefings and interviews with NASA officials,
contractor personnel, outside experts, and other interested parties.

From the outset, the focus of the Committee’s investigation has
been on understanding each of the following:

q W!)lat was the cause, or causes, of the Challenger acci-
ent?

Are there other inherent hardware or management-re-
lated deficiencies that could cause additional accidents in
the future?

What must be done to correct all of these problems so
that t;1e Space Shuttle can be safely returned to flight
status?

The Committee found that NASA’s drive to achieve a launch
schedule of 24 flights per year created pressure throughout the
agency that directly contributed to unsafe launch operations. The
Committee believes that the pressure to push for an unrealistic
number of flights continues to exist in some sectors of NASA and
jeopardizes the promotion of a ‘“safety first” attitude throughout
the Shuttle program.

The Committee, the Congress, and the Administration have
played a contributing role in creating this pressure. Congressional
and Administration policy and posture indicated that a reliable
flight schedule with internationally competitive flight costs was a
near-term objective.

Pressures within NASA to attempt to evolve from an Ré&D
agency into a quasicompetitive business operation caused a realign-
ment of priorities in the direction of productivity at the cost of
safety.

3
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NASA management and the Congress must remember the les-
sons learned from the Challenger accident and never again set un-
reasonable goals which stress the system beyond its safe function-
ing.

The Committee commends the work of the Rogers Commission
and its supporting panels at NASA. Their investigation and the re-
ports that document their efforts are very broad in scope and ex-
ceptionally detailed considering the time that was available to ac-
complish their task.

As a rule, the Committee agrees with the findings reached by the
Rogers Commission. However, there are areas where the Commit-
tee either disagrees with a Rogers Commission finding or with the
relative importance that the Rogers Commission attached to that
finding.

Like the Rogers Commission, the Committee concluded that the
Challenger accident was caused by a failure in the aft field joint on
the right-hand Solid Rocket Motor. Additionally, we agree with the
Rogers Commission that this tragic accident was not caused by the
Orbiter, the Space Shuttle Main Engines, the External Tank, the
onboard payloads, the ground support equipment, or the other ele-
ments of the Solid Rocket Boosters. We also agree that the failure
of the joint was due to a faulty design, and that neither NASA nor
Thiokol fully understood the operation of the joint prior to the acci-
dent. Further, the joint test and certification programs were inad-
equate, and neither NASA nor Thiokol responded adequately to
available warning signs that the joint design was defective.

In concurrence with the Rogers Commission, the Committee con-
firms that the safety, reliability, and quality assurance programs
within NASA were grossly inadequate, but in addition recommends
that NASA review its risk management activities to define a com-
plete risk management program. The Committee also agrees that a
thorough review must be conducted on all Criticality 1 and 1R
items and hazard analyses; a study should be conducted on how to
provide Space Shuttle crews with a means of escape during con-
trolled gliding flight; and NASA’s Shuttle management structure,
safety organization, communications procedures, and maintenance
policies should be carefully scrutinized and improved.

In other areas, the Committee reached somewhat different con-
clusions than the Rogers Commission:

The Rogers Commission concluded that NASA’s decision-
making process was flawed. The Committee does agree
that the Marshall Space Flight Center should have passed
along to higher management levels the temperature con-
cerns that Thiokol engineers raised the night before the
launch of Mission 51-L. However, the Committee feels that
the underlying problem which led to the Challenger acci-
dent was not poor communication or inadequate proce-
dures as implied by the Rogers Commission conclusion.!
Rather, the fundamental problem was poor technical deci-
sion-making over a period of several years by top NASA

1 For the purpose of this report, a procedure is a formal set of instructions designed to guide
and assist in the performance of a technical or management function.
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and contractor personnel, who failed to act decisively to
solve the increasingly serious anomalies in the Solid
Rocket Booster joints.

Information on the flaws in the joint design and on the
problems encountered in missions prior to 51-L was widely
available and had been presented to all levels of Shuttle
management. Despite the presence of significant amounts
of information and the occurrence of at least cne detailed
briefing at Headquarters on the difficulties with the O-
rings, the NASA and Thiokol technical managers failed to
understand or fully accept the seriousness of the problem.
There was no sense of urgency on their part to correct the
design flaws in the SRB. No one suggested grounding the
fleet, nor did NASA embark on a concerted effort to
remedy the deficiencies in O-ring performance. Rather,
NASA chose to continue to fly with a flawed design and to
follow a measured, 27-month, corrective program.

The Committee has more concerns than those expressed
by the Rogers Commission about the relative safety of the
Space Shuttle Main Engine. We are impressed by the so-
phistication and performance of the Main Engine, but are
concerned that it may have inadequate safety margins to
ensure continued safe operation. The Committee is also
concerned by the presence of persistent operating prob-
lems with the engine (e.g., cracked turbine blades and de-
fective hydraulic actuators and temperature sensors), and
believes that NASA should give serious consideration to
not allowing the Main Engine to be operated (except in
emergency situations) at a thrust level greater than the
standard 104 percent. On the other hand, should NASA de-
termine that a higher engine thrust setting is needed for
programmatic reasons, the Committee believes that the
space agency should take whatever actions are required to
ensure that adequate operating margins are present to
maintain safety.

The Committee has gone beyond the Rogers Commission
in recommending a new system specification to overcome
the inadequacies of the landing gear, tire, wheel, brake
and nose wheel steering systems. The Committee also con-
cluded that orbiter landings appear to be high risk even
under ideal conditions, which seldom occur.

The Rogers Commission stated that “there appears to be
a departure from the philosophy of the 1960s and 1970s re-
lating to the use of astronauts in management positions.”2
In contrast, after taking testimony from several former
and current astronauts, the Committee could find no evi-
dence that astronauts are denied the opportunity to enter
management if they so choose. On the other hand, prior to
the STS 51-L accident, astronauts were not encouraged to
enter management.

2 Rogers Commission Report, Volume I, p. 199.
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In still other areas, the Committee has raised concerns that do
not appear to have been addressed sufficiently by the Rogers Com-
mission. We are concerned that:

There are numerous other recurrent hardware problems
that are either not fully understood by NASA or have not
been corrected.

The existing internal communication system is dissemi-
nating too much information, often with little or no dis-
crimination in its importance. Accordingly, recipients have
difficulty “separating the wheat from the chaff.”

Existing contract incentives used by NASA do not ade-
quately address or promote safety and quality concerns—
most emphasis is placed on meeting cost and schedule re-
quirements.

NASA does not yet understand how or why the deficien-
cies in Solid Rocket Motor testing and certification went
undetected in spite of the very comprehensive processes
and procedures used by the agency to conduct and oversee
these activities. The Committee is concerned that without
such an understanding, NASA will not be able to protect
against a similar breakdown in its system of checks and
balances in the future.

The Committee has concerns regarding the safety of the
Filament Wound Case Solid Rocket Booster now under de-
velopment by NASA, and recommends that the agency
consider moving the heaviest Space Shuttle payloads to ex-
pendable launch vehicles so that there will be no need to
use Filament Wound Case Boosters.

The Committee is not assured that NASA has adequate
technical and scientific expertise to conduct the Space
Shuttle program properly. NASA has suffered staffing re-
ductions in key areas over several years. Moreover, it loses
a significant number of technical/scientific personnel due
to an imbalance between the government salary schedule
and that of the private sector. The salary structure also in-
hibits NASA’s ability to recruit top technical talent to re-
place its losses. The record is not sufficient to warrant a
formal finding on this matter. However, the Committee in-
tends to conduct an in-depth review of NASA technical
ability in the next Congress.

On July 14, 1986, NASA submitted to the President a report on
what actions the space agency plans to take in response to the rec-
ommendations of the Rogers Commission.? The Committee believes
that the plans contained in this report are a step in the right direc-
tion. When fully implemented, these plans should substantially im-
prove the safety of Space Shuttle flight operations. The Committee
also endorses NASA’s decision to move the proposed date for the
next Space Shuttle launch beyond June 1987. This is a realistic and
responsible decision that has removed some unnecessary pressure

3 NASA, “Report to the President: Actions to Implement the Recommendations of the Presi-
dential Commission on the Space Shuttle Challenger Accident,” July 14, 1986. (Hereafter re-
ferred to as NASA Response to Rogers Commission.)
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from the government and contractor personnel who must ensure
that all hardware will be in readiness to reinstitute safe flight op-
erations.

Throughout the remainder of this report, the Committee address-
es dozens of specific issues that relate to the Challenger accident.
The Committee makes many recommendations for actions to be
taken on the part of NASA to correct the problems that we have
identified. The Committee directs NASA to report back to us by
February 15, 1987, on how it is responding to each recommendation
contained in this report.

In closing, the Committee would like to state that it continues to
believe in and remains committed to a vigorous civilian space pro-
gram. The Committee also continues to believe that the Space
Shuttle is a critically important element of that program. The
Committee’s purpose, as NASA’s primary overseer in the House,
must be to monitor, understand, and help correct where necessary
the patterns in NASA which lead to weakened and ineffective oper-
ation.

We are at a watershed in NASA’s history and the Nation’s space
program. NASA’s 28-year existence represents its infancy. We
must use the knowledge and experience from this time to insure a
strong future for NASA and the U.S. space program throughout
the 21st century.

This Committee has long been proud of the many awe-inspiring
achievements of NASA and understands the importance of NASA'’s
programs to the future well-being of this country. We as a Commit-
tee have perhaps exhibited the human inclination to accept the
successful completion of a flight or event as an indication of the
overall strength of all aspects of its planning and execution. Per-
haps it is arrogant to dissect and interrogate relentlessly projects
and programs that bring home repeated A’s for achievement and
accomplishment. However, all of us—NASA, the Committee, the
Congress and the Nation—have learned from the Challenger trage-
dy that it is wisdom to do so, and it is a reflection of respect for the
human fallibility that we all possess.

We have no doubt that through the hard work and dedication of
the men and women at NASA and its supporting contractors, the
Space Shuttle will be safely returned to flight status—and will
once again continue to impress people around the world with its
many important accomplishments.

As has been said many times since the January 28th tragedy,
space flight is a high risk undertaking. The Committee accepts this
fact and applauds those men and women who, in spite of this risk,
have chosen manned space flight as a career. Though we grieve at
the loss of the Challenger crew, we do not believe that their sacri-
fice was in vain. They would not want us to stop reaching into the
unknown. Instead, they would want us to learn from our mistakes,
correct any problems that have been identified, and then once
again reach out to expand the boundaries of our experience in
living and working in outer space.






ITII. COMPILATION OF ISSUES, FINDINGS, AND
RECOMMENDATIONS

This compilation is taken from the body of the report. In order to
facilitate the reader’s ability to refer to specific sections within the
report, the outline in the following compilation corresponds to the
Table of Contents and the body of this report:

V. THE ACCIDENT
A. INTRODUCTION

Discussion Only

B. SOLID ROCKET MOTORS
1. History

Issue

Was there sufficient time to correct the problems with the Solid
Rocket Motor?

Findings

1. Problems with the joints which connect the Solid Rocket
Motor casings were recognized for many years. While attempts
were made to correct these problems, the measures taken were in-
sufficient to provide a reliable joint.

2. The joint seal problem was recognized by engineers in both
NASA and Morton Thiokol in sufficient time to have been correct-
ed by redesigning and manufacturing new joints before the acci-
dent on January 28, 1986. Meeting flight schedules and cutting cost
were given a higher priority than flight safety.

2. Summary of Casing Joint Design

Issue

Why did the aft field joint between the steel containers that hold
the Solid Rocket Motor propellant fail to contain the burning gases
of the propellant during lift-off and flight operations?

Findings

1. The design of the field joint was unsatisfactory and could not
reliably contain the burning propellant gases under the range of
operating conditions to be expected during the lift-off and flight
phases.

2. The O-ring materials and putty used in the design of the joint
were unsatisfactory as used on the Shuttle, particularly during the
winter months. Furthermore, neither NASA nor its contractor,
Morton Thiokol, can adequately control the quality or consistency
of these kinds of materials, which are made from recipes known

()]
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only by the manufacturer and which can be changed without certi-
fication and approval.

Recommendations

1. NASA should write and issue a new and more accurate per-
formance specification which would cover the full range of thermal
and structural requirements for the Solid Rocket Motors, with an
adequate factor of safety for unusually low temperatures.

2. The Committee concurs with the Rogers Commission Report
Recommendations on new joint design, but believes it is more ap-
propriate to be more explicit in identifying the weaknesses in the
joint design that need correction.

3. The field joints of the Solid Rocket Motors should be rede-
signed to account for the following features while providing a sig-
nificant factor of safety:

a. Movement in the joint,

b. Proper spacing between tang and clevis,

c¢. Seals made to withstand high and low temperatures under
all dynamic thermal and structural loadings,

d. Adequate sealing without the use of putty,

e. Protection against insulation debonding and propellant
cracking.
3. Testing and Certification

Discussion Only
4. Manufacturing

Discussion Only
5. Stacking Operations

Issue

Was there any damage to the casing joints or contamination that
occurred during the stacking operations when the Shuttle was as-
sembled in the Vehicle Assembly Building (VAB) that could have
contributed to the failure?

Finding

There was no evidence of joint contamination, fracture or other
damage from foreign objects or due to casing ovality that contribut-
ed to the joint failure. Although certain problems occurred during

stacking and the procedures were violated once, there was no evi-
dence that these events contributed to the Flight 51-L accident.

6. Summary of Launch Operations

Issue 1

How was the decision to launch STS 51-L arrived at and why
was it wrong?

Findings

1. The Flight Readiness Review for STS 51-L was conducted in
accordance with established procedure.

2. The decision to launch STS 51-1. was based on a faulty engi-
neering analysis of the SRM field joint seal behavior.
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3. Compounding this erroneous analysis were serious ongoing
weaknesses in the Shuttle Safety, Reliability and Quality Assur-
ance Program which had failed to exercise control over the prob-
lem tracking systems, had not critiqued the engineering analysis
advanced as an explanation of the SRM seal problem, and did not
provide the independent perspective required by senior NASA
managers at Flight Readiness Reviews.

4. The initial response of Marshall managers to the attempts of
Thiokol engineers to raise the issue of temperature effects on the
SRM seals caused Thiokol management to discount proper techni-
1cal concerns and engineering judgment in their recommendation to
aunch.

5. The Director of Marshall’s Shuttle Projects Office may have
violated NASA’s Flight Readiness Review policy directive by failing
to report the results of the January 27th teleconference to the As-
sociate Administrator for Space Flight.

6. The decision of the STS Program Manager to launch despite
the uncertainty represented by ice on the Fixed Service Structure
was not a prudent effort to mitigate avoidable risks to the Shuttle.

7. The Launch Director failed to place safety paramount in eval-
uating the launch readiness of STS 51-L.

8. No launch should have been permitted until ice was cleared
from the platform leading to the pad escape system.

9. Ice Team personnel and Rockwell contractors properly con-
veyed their inability to predict the post-ignition behavior of ice.

10. Post-flight analysis indicates that ice did not exhibit the be-
havior predicted by analysis, and that ice traversed a distance suf-
ficient to strike the Shuttle during liftoff.

11. Failure to enforce a clear requirement for definite readiness
statements contributed to failures in communication between
NASA and its contractors during launch preparations.

Issue 2

Should firing room personnel be allowed to waive launch commit
criteria or equipment redlines during a launch countdown without
a well-developed technical reason for doing so?

Finding
NASA’s management waived its own launch commit criteria on
January 28, 1986, without a valid technical reason for doing so.
7. Retrieval, Transportation and Refurbishment

Issue

Were the motor casings used on STS 51-L damaged as a result of
the retrieval, transportation and refurbishment operations follow-
ing previous launches?

Finding
There was no evidence of damage to the casings or joint due to
prior use or preparation for reuse.
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C. EXTERNAL TANK

Issue

The External Tank was obviously involved in the accident. Was
that involvement a cause or an effect?
Findings

1. The Committee adopts the “Finding” of the Rogers Commis-
sion that: “A review of the External Tank’s construction records,
acceptance testing, pre-launch and flight data and recovered hard-
ware, does not support anything relating to the External Tank
which caused or contributed to the cause of the accident.”

2. The External Tank ruptured under the forces of a failed Solid
Rocket Booster motor. These forces were far outside of any possible

design considerations that could have been applied to the External
Tank.

D. CREW SURVIVAL

Issue

Was the accident of STS 51-L on January 28, 1986, survivable?
Finding

In the case of the tragic loss of the Space Shuttle Challenger and

her crew on January 28, 1986, the Committee is convinced that the
accident was not survivable.

E. SABOTAGE

Issue

Could the accident have been caused by sabotage, terrcrism, or
foreign covert action?
Finding

The Committee is convinced that there is no evidence to support

sabotage, terrorism or foreign covert action in the loss of the Chal-
lenger.

F. ADDITIONAL AVENUES OF INVESTIGATION

Issue

Could the accident have been caused by some failure other than
failure of the joint between the casings?

Finding

As of September 15, 1986, the Committee has not found any cred-
ible evidence to support any cause of the Challenger accident, other
than the failure of the aft casings joint in the right-hand Solid

Rocket Booster. Nor has there been any substantial evidence of a
secondary or parallel failure on Flight 51-L.
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V1. DiscussioN OF CRITICAL ISSUES

A. TECHNICAL ISSUES
1. Hardware Development and Production
a. Problems in Hardware Certification

Issue 1

Have all elements of Space Shuttle flight hardware been ade-
quately certified?

Findings

1. The overall design and certification processes prescribed by
NASA for each major element of Space Shuttle flight hardware are
very comprehensive.

2. Prior to the STS 51-L accident, in spite of the comprehensive
nature of NASA’s prescribed design and certification processes, in-
sufficient testing had been conducted to permit an adequate under-
standing by either Morton-Thiokol or NASA regarding the actual
functioning of the Solid Rocket Motor joint. Also, the Solid Rocket
Motor had not been adequately certified to meet the natural and
induced environmental conditions that are stated in NASA’s design
standards. The issue of whether or not standards were adequate is
discussed in Section VIIL.

3. The deficiencies in Solid Rocket Motor testing and certifica-
tion persisted in spite of many reviews of the program by panels of
experts: (1) within the manufacturer; (2) within NASA; and (3) from
independent, outside groups.

4. These deficiencies in testing and certification of one major ele-
ment of the Space Shuttle system raise the possibility that other
elements of flight hardware (or other sub-elements of the Solid
Rocket Motor) could have similar deficiences.

5. If NASA is unable to explain why the deficiences in Solid
Rocket Motor testing and certification went undetected by the ex-
isting comprehensive set of processes and procedures, the agency
will not be able to protect against a similar breakdown in its
system of checks and balances in the future.

Recommendations

1. NASA should devote more attention to determining why the
deficiencies in Solid Rocket Motor testing and certification went
undetected, so that appropriate action can be taken to uncover
latent problems in existing hardware and to prevent similar prob-
lems in future development programs.

2. NASA and its contractors should thoroughly reassess the ade-
quacy of all the testing and certification that has been conducted to
date on each element of Space Shuttle flight hardware. Where defi-
ciencies are found, they must be corrected.

Issue 2

Does the Space Shuttle Main Engine have adequate operating
margins, and is the “fleet leader” concept adequate to ensure safe
operation?
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Findings

1. The Space Shuttle Main Engine is an impressive, technologi-
cal achievement. However, it also is one of the higher risk ele-
ments of the Space Shuttle system. Anomalous component perform-
ance or premature engine shutdown could prove catastrophic to the
Space Shuttle and its crew.

2. Some NASA officials familiar with the Space Shuttle Main
Engine believe that it should be operated at a throttle setting of
109 percent only in an emergency; others believe the engine could
be safely operated at 109 percent on a routine basis.

3. It is widely accepted that the Space Shuttle Main Engine
would be safer if its operating margins (for temperature, pressure,
operating time, etc.) were increased.

4. The Committee agrees with the sense of Dr. Feynman’s con-
cerns with respect to NASA’s current “fleet leader” concept for
certifying Space Shuttle Main Engine components, such as high
pressure turbopumps, for flight.

5. On a case by case basis, NASA regularly violates its own certi-
fication requirements by permitting individual engine components
to be used for flight even though they have accumulated an operat-
ing time in excess of 50 percent of the two fleet leaders (i.e., in vio-
lation of the “2X” rule).

Recommendations

1. NASA should continue its active development program for the
Space Shuttle Main Engine. The program should be focused more
on increasing operating margins.

2. Because of the safety concerns raised by some knowledgeable
officials, NASA should give serious consideration to restricting use
of the 109 percent engine throttle setting to emergency situations
only. If NASA decides that it needs to use the 109 percent throttle
setting for other than emergency situations, the space agency
should take whatever actions are required to ensure that adequate
margins are present to maintain safety.

3. NASA should closely scrutinize each of the concerns raised by
Dr. Feynman regarding the agency’s ‘“fleet leader” concept for cer-
tifying Space Shuttle Main Engine components. The agency should
also closely reassess its practice of selectively violating its “2X”
rule for some Main Engine flight hardware elements.

b. Recurrent Hardware Problems

Issue

What resolutions of inadequacies revealed in the landing gear,
tires, wheels, brakes, and nose wheel steering of the landing and
deceleration system are required?

Findings

1. The Orbiter landing gear, tires, wheels, brakes, and nose
wheel steering, as a system, is experimental, designed to criteria
outside any other experience, and uses unique combinations of ma-

terials. The original design performance specifications for speed
and landing weights are routinely exceeded. The original design
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did not consider asymmetrical braking for cross wind steering as
the normal case, although it has become standard practice. Stresses
which were not taken into account in the design have surfaced in
as yet a very small real world sample.

2. As a consequence, Orbiter landings appear high risk even
under ideal conditions, which seldom occur. Exceptional procedural
and skill demands are placed upon the pilots to nurse the brakes
and tires through every landing. Landing rules have had increas-
ing constraints imposed that hamper coperational flexibility and
usefulness of the Orbiter.

3. Brake and tire damage have been evident since early on in
the program. The Rogers Commission seems very correct in finding
the current landing gear system unacceptable. Resolution of land-
ing gear system problems can no longer be put off.

Recommendations

The Committee recommends that NASA:

1. Assemble all of the fragmented studies, analyses, and conclu-
sions on landing gear problems and integrate them into one engi-
neering description of the system as it is now intended to be used.
This should include consideration of the basic strength of the struts
themselves and their attachments.

2. Write a new system specification and match the proposed
design improvements to an acceptable reliability and certification
specification.

3. Design a test and certification program adequate to meet cri-
teria to fly and to continue well into future operations until under-
standing and confidence in the landing gear system is attained.

4. In anticipation of requirements for a new brake specification,
accelerate a program to provide:

Increased brake mass and/or heat sink,

Substantial increase in energy absorption,

Evaluation which weighs the experimental nature of the pro-
posed 65 million foot pound carbon brake and its impact on the
system against the penalty of weight of known materials (e.g.
steel) for operational confidence.

5. Write updated subsystem specifications to upgrade the landing
gear system to acceptable levels of performance to respond to the
Rogers Commission’s recommendations.

Issue 2

What actions should be taken relative to other recurrent prob-
lems with flight hardware?
Finding

There have been many instances of in-flight anomalies and fail-
ures of other elements of Space Shuttle hardware, some involving
mission critical pieces of equipment. Some of these past problems
have been corrected while others have not.
Recommendation

NASA should ensure that before reinstituting Space Shuttle
flight operations, it fully understands and has corrected all in-
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stances of serious in-flight anomalous behavior or failures involv-
ing mission critical pieces of flight hardware.

c¢. Other Engineering Concerns

Issue

What action should be taken relative to other engineering con-
cerns regarding critical elements of Space Shuttle flight hardware?

Finding
In recent years, serious engineering concerns have been raised
regarding the safety of some elements of Space Shuttle flight hard-

ware, such as the 17 inch flapper valve and the heat exchanger
feeding the liquid oxygen tank.

Recommendations

1. NASA should ensure that, as a part of its current review of
Space Shuttle safety, it identifies, thoroughly evaluates, and then
takes appropriate action on all serious engineering concerns raised
regarding mission critical elements of Space Shuttle flight hard-
ware.

2. NASA should give special attention to both the cost and risks
of using Filament Wound Case Solid Rocket Boosters for very
heavy Space Shuttle payloads versus the cost and programmatic
impacts of simply transferring those payloads to expendable launch
vehicles.

d. Desirable Tests Not Yet Approved

Issue 1

Is the current ground test program for the SSME adequate to
provide a complete understanding of the engine’s operating charac-
teristics and safety margins?

Findings

1. The Committee supports the Findings and Conclusions of the
Development and Production Team concerning the SSME, particu-
larly the concern that “Hardware availability and the potential of
damage to hardware and facilities resulting from tests malfunc-
tions have constrained . . . [full margin] . . . testing during the
ground test program.”

2. The Committee shares Dr. Feynman’s concern that there has
been a slow shift toward decreasing safety in the SSME program.

3. There is not a sufficient understanding of SSME blade cracks
and fractures.

Recommendations

1. The Committee concurs with the Development and Production
Team conclusion that overtesting, limits testing, and malfunction-
testing in the SSME program should be re-emphasized to demon-
strate full engine capability.

2. NASA should prepare and submit to the Committee a cost-
benefit analysis of testing a SSME to destruction including: (a) uti-
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lizing additional SSME test stands; (b) utilizing additional hard-
ware for the ground test program; and (c) the value of such a test.

3. A vigorous study of fracture behavior should be conducted to
minimize the hazard of cracked SSME blades and to increase the
reliability and safety margin of blades. New blades and/or new
policies for duration of blade use should be incorporated prior to
the next Shuttle launch.

Issue 2

Is the leak/combustion threat of the External Tank’s hydrogen
pressure valve a hazard warranting testing?

Findings

1. The Committee supports the Rogers Commission concern re-
gafding the hazard posed by the liquid hydrogen vent and relief
valve.

2. The Committee supports the intent of the ET prime contrac-

tor, Martin Marietta, to pursue outdoor wind tunnel testing to
eliminate the liquid hydrogen vent/relief valve hazard.

Recommendation

NASA, in conjunction with the appropriate contractor, should
consider designing and conducting an ET liquid hydrogen leak/
burn test to determine if corrective actions should be taken prior to
the next Shuttle flight.

Issue 3

Does the present Range Safety System (RSS) on the External
Tank present an unreasonable risk?

Finding
There is substantial controversy over the relative benefits and
risks of the present RSS on the External Tank.

Recommendation

The Committee believes the Administrator should prepare and
submit to the Committee a comprehensive review of RSS require-
ments.

e. Production/Refurbishment Issues

Issue 1

Should 100 percent X-ray inspection of the propellant and insula-
tion for the Solid Rocket Motors (SRM) be resumed?

Findings

1. Previous X-ray inspection led to only one SRM being rejected
for Shuttle use.

2. There is no non-destructive inspection method which can
guarantee a defect-free SRM. X-ray inspection cannot detect “kiss-
ing” voids in which the SRM insulation is touching the SRM steel
casing but is not bonded to it. Debonded insulation at the end of an
SRM segment could provide burning propellant gases with a path
to the SRM steel casing and could result in loss of vehicle and
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crew. X-ray inspection can detect propellant cracks and large voids
which if undetected could also result in a catastrophic situation.

3. Although there is no guarantee that X-ray inspection has been
a particularly effective method of detecting propellant and insula-
tion SRM flaws, it remains one of the best available methods to
monitor the SRM manufacturing process.

Recommendations

1. NASA should consider reinstating full X-ray inspection of the
propellant and insulation for all motors used on succeeding flights
until new, more accurate inspection methods can be developed and
implemented and there is unquestionable confidence in the SRM
production process.

2. NASA, in conjunction with the appropriate contractors,
should investigate the development of new, more accurate inspec-
tion techniques which can detect ‘“kissing” voids and other poten-
tial defects that cannot be detected by X-ray inspection.

Issue 2

Are all production and other activities involving Criticality 1 and
1R hardware at prime and secondary contractor facilities labeled
as “critical” processes?

Findings

1. Critical processes are formally identified and controlled by
NASA. All processes are classified and controlied by the contrac-
tor’s Process Change Control Board.

2. The O-ring used in the case joint is critical to the sealing in-
tegrity of the joint, yet it is not designated as a “critical” process
by either the Parker Seal Co. or Hydrapack, the manufacturer and
supplier respectively. This raises the possibility that other Critical-
ity 1 and 1R hardware components are also not appropriately des-
ignated by their manufacturer as “critical” processes.

Recommendations

1. NASA should require the manufacture of critical items, such
as the O-rings, to be designated ‘“‘critical”’ processes. Contractors
should formally notify their employees involved in critical manu-
facturing processes of the serious nature of particular production
processes.

2. NASA should conduct a thorough review to ensure that all
manufacturing processes involving Criticality 1 and 1R hardware
components of prime and secondary contractors are appropriately
designated “critical” processes.

Issue 3

Do O-ring repairs compromise safety?
Finding

The Committee supports the Development and Production Team
Finding and Conclusion that the “limit of five repair joints per O-
ring is an arbitrary number” and that “repair of inclusions and

voids in the rubber . . . appears to be an area of potential prob-
lem.”
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Recommendation

NASA should review its O-ring repair policy and contractor
repair practices in terms of their effects on O-ring performance and
safety. Such review should be completed prior to the resumption of
Shuttle flights if, as anticipated, the new SRB joint design uses O-
rings.

Issue 4

What impact does growth of SRM case size have upon booster
and Shuttle performance and safety?

Finding
The Committee concurs with the Development and Production
Team Finding that “Remeasurement of two used SRM case seg-

ments indicated both tang and clevis sealing surfaces have in-
creased in diameter beyond the anticipated design limits.”

Recommendation

NASA and the appropriate contractor should resolve through
analysis and testing prior to the next Shuttle flight the cause of
SRM case size growth and its impact upon booster and Shuttle per-
formance, reliability of refurbished SRM case segments, and safety.

f. Review of NASA's Redesign/Recertification Plan

Issue

Is NASA’s SRM redesign and hardware recertification plan a
viable and realistic one which will result in a safer, more reliable
Space Transportation System?

Findings

1. NASA’s SRM redesign plan is a step in the right direction.
Moving the proposed launch date beyond June 1987 is a responsible
and realistic decision. The membership of the SRM Redesign Team
is representative of qualified individuals in and outside of NASA.
With the expert assistance of the specially appointed National Re-
search Council (NRC) Independent Oversight Group, the new SRM
design should be a significantly safer and more reliable Shuttle ele-
ment.

2. NASA’s current hardware recertification plan is also a step in
the right direction. The use of independent review contractors dis-
tinguishes this recertification plan from earlier reviews. However,
given the failure of previous reviews to discover the deficient SRB
joint certification, the Committee is concerned there is still the pos-
sibility that the recertification effort may not reveal other certifica-
tion deficiencies, if indeed they exist. The plan also raises concern
about the qualifications of independent reviewers to evaluate cer-
tain elements given the uniqueness of particular Shuttle compo-
nents.

3. The joint was never fully tested as a separate element of the
SRM. The various forces that act on the joint during stacking,
launch, and flight are difficult, if not impossible, to duplicate in a
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test of the joint under all conditions that could be experienced
during launch and flight.

4. 1t is unclear what function the new Safety Office will perform
in the redesign of the SRB field joint and other critical elements of
the Shuttle, as well as NASA’s recertification plan.

Recommendations

1. The Committee recognizes the national need to return the
Shuttle to flight status as soon as reasonably possible. As noted in
NASA’s July 14, 1986, report to the President, safety will deter-
mine the launch schedule. However, NASA should consider the
proposed launch date of early 1988 as a flexible one which should
be slipped further if necessary. The Shuttle should not be launched
again until NASA can assure that safety criteria have been met.

2. In establishing a test program to certify the new Solid Rocket
Motor design, NASA should consider the feasibility of including in
combination and in the proper seqguence all of the thermal and
structural loads expected to be experienced by the Solid Rocket
Motor during ignition, lift-off, and flight.

3. The independent review contractors participating in the hard-
ware recertification plan should utilize sufficient specific technical
g;vi‘psertise to insure adequate recertification of all elements of the

4. The Committee requests that the new Office of Safety, Reli-
ability and Quality Assurance conduct an independent assessment
of the SRB field joint redesign efforts. In addition, the new office
should also be integrally involved in reviewing all other critical
component redesign efforts and NASA’s recertification plan.

2. Operations
a. Shuttle Processing Issues

Issue

In 1983, NASA consolidated fifteen separate contracts and
awarded a single Shuttle Processing Contract (SPC) encompassing
all ground processing related to launch and landing of the Space
Shuttle. There are two issues associated with this contract: (1) How
should is the concept of a unified SPC; and (2) How well has the
SPC contractor actually performed? A related issue is the quality
of essential logistical support, especially spare parts, provided to
the contractor by NASA.

Findings

1. Performance under the SPC has improved since the inception
of the contract. However, up to the time of the Challenger accident,
contractor performance continued to be plagued by excessive over-
time, persistent failures to follow prescribed work procedures, and
inadequate logistical support from NASA.

2. High overtime rates have hampered SPC performance. Over-
time rates had increased significantly during the six months prior
to the Challenger launch, to the point that critical personnel were
working weeks of consecutive workdays and multiple strings of 11
and 12-hour days. Fatigue resulting from work patterns of this sort
can constitute a threat to safety. In fact, worker fatigue was a con-
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tributing factor in a mission-threatening incident on Flight 61-C,
the mission immediately prior to the January 28 Challenger
launch.

3. There are numerous documented cases where contractor em-
ployees failed to comply with guidelines for carrying out assigned
duties, including specific “Operations and Maintenance Instruc-
tions” (OMIs). Such failures contributed to both of the major mis-
haps in 1985 involving Shuttle processing—namely, the November
8, 1985, “handling ring” episode which led to significant damage to
a Solid Rocket Motor segment slated for use on STS 51-L, and the
March 8, 1985, “payload bay access platform” episode which led to
significant damage to bay payload bay door. Failure to follow an
OMI also led to improper (and mission-threatening) handling of the
hydrogen disconnect valve during the 51-L launch operations. All
of these incidents show a lack of discipline, both with respect to fol-
lowing prescribed procedures and with respect to reporting viola-
tions of these procedures.

4. At the time of the Challenger accident, the lack of spare parts
caused a degree of cannibalization (i.e., the removal of a part from
one Orbiter to satisfy a need for a spare part on another Orbiter),
which was the highest in the history of the Shuttle program and
which was a threat to flight schedule and flight safety. Excessive
cannibalization leads to multiple installations, retesting, added doc-
umentation, delayed access to parts, and increased damage poten-
tial. As a result, cannibalization contributes directly to excessive
overtime.

5. There is no clear evidence whether or not greater involvement
of the development contractors would improve Shuttle operations.

Recommendations

1. Because of the serious quality and safety concerns surround-
ing the contract, NASA should conduct a careful review of Shuttle
processing, the SPC contract, and the relationship of flight hard-
ware contractors and report its findings, recommendations, and
proposed contract modifications to the Committee. NASA’s reexam-
ination should include a comparison of efficiency and safety under
the SPC versus efficiency and safety during pre-1983 Shuttle proc-
essing operations, which heavily involved the development contrac-
tors.

2. NASA should examine the issues of spares availability and
cannibalization and provide the Congress with a management and
budgetary plan for correcting previous logistical problems.

8. NASA should stop routine cannibalization and develop guilde-
lines (including appropriate control and review procedures and
roles for the SR&QA office) governing permissible cannibalization.

4. The Committee recommends that NASA provide its re-invig-
orated safety office with the authority to enforce scheduling that
leads to safe overtime rates.

b. Pressures on Shuttle Operations

Issue

Was NASA uhder pressure to fly more flights? How did this
pressure originate? Will it recur?
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Findings

1. The Congress and the Executive Branch jointly developed the
policy that the Space Shuttle should, in a reliable fashion and at
an internationally competitive cost, provide for most of the Free
World’s space launch needs. By and large, both Branches failed to
appreciate the impact that this policy was having on the operation-
al safety of the system.

2. NASA was under internal and external pressure to build its
Shuttle flight rate to 24 per year, primarily to reduce costs per
flight, but also to demonstrate and achieve routine access to space.
NASA has never achieved its planned flight rate.

Recommendations

1. NASA must not attempt to achieve a flight rate beyond that
which (1) can be supported by the budget and staff resources avail-
able; and (2) is consistent with the technical maturity of the Shut-
tle and the flexibility desired and needed in scheduling payloads.
Management should ensure efficient use of resources but should
not impose a flight rate on the system.

2. Once operation of the Space Shuttle resumes, the Committee
should maintain a close and continuous oversight of Shuttle flight
rate, planning, and operations. The Committee should ensure both
that flight rate flows logically from the resources provided and that
flight safety is not compromised beyond acceptable limits.

c. Impact of Pressures on Shuttle Operations

Issue

Did operating pressures adversely affect the safety of the Shuttle
program?

Findings

1. The pressure on NASA to achieve planned flight rates was so
pervasive that it undoubtedly adversely affected attitudes regard-
ing safety.

2. The pressure to achieve planned flight rates was compressing
mission preparation as earlier missions were delayed due to unfore-
seen problems. Had the accident not occurred there would soon
have been a collision between planned launch dates and mission
preparation needs which could not have been met by overtime, can-
nibalization, or other undesirable practices. Operating pressures
were causing an increase in unsafe practices.

3. The schedule of payloads planned to fly on the Shuttle (the
manifest) was frequently changed. Each change rippled through
the NASA Shuttle organization and through the manifest and, es-
pecially if made shortly before launch, would increase the demands
on personnel and resources in order to achieve the planned flight
rate.

4. The Space Shuttle has not yet reached a level of maturity
which could be called operational as that term is used in either the
airline industry or the military. Each Shuttle flight is fundamen-
tally unique, and requires unique preparations. Therefore, small
changes in a mission can cause significant perturbations of mission
planning and crew training.
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Recommendations

1. The new Associate Administrator for Safety, Reliability and
Quality Assurance must assure that any pressures to increase the
Shuttle flight rate do not adversely influence mission preparation.
The Associate Administrator must have the authority not only to
stop a particular flight, e.g., at a Flight Readiness Review, but to
stop the whole mission planning process if necessary.

2. Where appropriate, NASA should take steps to make the mis-
sion planning process standard and routine to reduce the time and
resources needed to plan a mission. Before requesting more re-
sources for the existing mission planning process (manpower, facili-
ties, equipment), NASA should identify ways to improve the proc-
ess.

d. Other Safety Issues

Issue 1

What is the criticality of landing safety associated with pro-
grammed and abort landing sites and their local characteristics?

Findings

1. The Committee finds that many of the normal and abort land-
ing safety problems will be alleviated when the Rogers Commis-
sion’s and the Committee’s (Section VI. A. 1. b., this report) recom-
mendations to upgrade the landing gear system are implemented.
When the landing gear system is understood, straightforward cal-
culations and operational rules will determine acceptable runway
dimensions and conditions.

2. The Committee found no reason to fault NASA’s current pro-
cedure on launch constraints based upon operational judgment and
conservative rules on local conditions at planned abort and landing
sites. However, since an obvious finding is that the Orbiter is a de-
velopmental system, it is axiomatic that unanticipated “dicey” cir-
cumstances will arise.

3. It was found that for the least landing gear system stress,
runway preference is Edwards Air Force Base (EAFB) (concrete),
KSC, and Rogers Dry Lake (EAFB “lake bed”) in that order. No
reason was found to invalidate the KSC runway design. The rea-
sons for the “dry” course surface still prevail over concern about
wear on tires designed for one landing. Additional constraints at
KSC because of lesser lateral stabilized overrun area may be
needed to bring its safety to the level of the EAFB runway.

4, The NASA Landing Safety Team’s proposal to provide stand-
ard landing aids and arresting barriers at all sites and their em-
phasis on runway surface characteristics for repetitive tire use
takes on a new dimension that is in addition to the Rogers Com-
mission’s recommendations.

5. Weather, by far, is the most significant factor governing oper-
ational decisions, Orbiter damage, and landing safety. The con-
straint is simply that acceptable weather must be forecast with
confidence within the time frame needed. Ultra-conservative rules
prevail because of the predictable unpredictability of Cape weather.
New and innovative local weather analysis and forecasting re-
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search is a high priority. The African Coast and southwestern
United States sites enjoy more stable and predictable weather.

Recommendations

The first priority to achieve an acceptable degree of landing
safety and to have a sensible base to work from for improvement is
to implement the recommendations of the Rogers Commission and
the Committee on the landing gear system improvements to attain
an operational capability. Then:

Instrument the system, and schedule all landings at Edwards
runway for systematic concurrent testing until the landing
gear system is understood.

Write a clean sheet set of rules based on results.

Determine the risk of accident with the B-747 Shuttle Carri-
er Aircraft (SCA) and its impact upon the Shuttle program.

Extend every reasonable effort to assure a mission planning
process to minimize the need for abort site landings.

Reevaluate and determine the degree of risk acceptable at
abort site landings and bring abort site capability up to meet
that risk level.

Expand astronaut matched team flight landing practice to
cover all known exigencies. Propose additional training craft if
necessary.

Join in a venture with NOAA to invent new technology and
techniques to learn new ways to understand the dynamics of
Cape Kennedy weather phenomena to supplant current inad-
equacy to forecast two hours ahead.

Issue 2

Has adequate provision been made for crew safety in case of in-
flight emergencies? That is, has adequate provision been given to
launch abort options and crew escape options?

Findings

1. Crew escape options were considered when the Shuttle was
originally designed and the basic situation has not changed. Many
initially attractive options do not significantly reduce risk to the
crew either because they may not reduce exposure to the principal
hazards or because they add risks of their own.

2. A crew escape system for use in controlled gliding flight might
be feasible and worthwhile.

3. Crew escape during the ascent phase appears infeasibie.

4. Launch abort during SRB burn appears impossible but it may
be possible to decrease risk to the crew after SRB separation, pri-
marily through mission design.

Recommendation

NASA should continue to respond to the recommendations of the
Rogers Commission regarding (i) crew escape during controlled
gliding flight and (ii) increasing the possibility of successful emer-
gency runway landings. NASA should reexamine all crew survival
options and report to the Committee on its findings.
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B. MANAGEMENT ISSUES
1. Technical Management
a. Risk Management Issues

Issue

Is there a coordinated and effective risk management program in
the NSTS?
Findings

1. NASA does not explicitly use a centralized program that co-
ordinates all the factors that encompass an adequate risk manage-
ment program.

2. As a result of the accident, NASA is reexamining the Failure
Modes and Effects Analyses (FMEA) and Hazard Analyses (HA) to
reassess risks associated with the designs of Shuttle subsystems.

3. NASA’s lack of statistical data on the performance of certain
components will limit the usefulness of sound engineering judg-
ment in much the same way as it limits the usefulness of probabi-
listic risk assessment.

Recommendations

1. NASA should develop and provide to the Committee a descrip-
tion of an overall risk management program as it relates to the
Space Shuttle. This effort should include a determination of wheth-
er or not a more centralized coordination of a risk management
program and issuance of direct risk management guidance direc-
tives are needed.

2. NASA should review analytical methods utilized in the per-
formance of risk assessment, including statistical analyses, trend
analyses and probabilistic risk assessment methodologies to deter-
mine their applicability to the NSTS program. Assistance from the
National Academy of Sciences, or other appropriate organizations
with expertise in these matters, may be required to adequately per-
form this review.

3. NASA should review its certification testing to ensure that all
critical items are adequately tested. Data obtained from these tests
should be used when appropriate in conducting a formal risk as-
sessment.

b. Launch Decision Process

Issue 1

Is the process for establishing launch constraints and dealing
with them effective?
Findings

1. There is no clear understanding or agreement among the vari-
ous levels of NASA management as to what constitutes a launch
constraint or the process for imposing and waiving constraints.

2. Launch constraints were often waived after developing a ra-
tionale for accepting the problem rather than correcting the prob-
lem; moreover, this rationale was not always based on sound engi-
neering or scientific principles.

64-420 0 - 86 - 2
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Recommendations

1. NASA should establish rigorous procedures for identifying and
documenting launch constraints. The individual(s) responsible for
implementing this procedure should be clearly identified, and well
fl_egngd and understood criteria for waiving them should be estab-
ished.

2. NASA should exercise extreme caution in waiving launch con-
straints before correcting the problem that led to the launch con-
straint. The rationale should be based on rigorous scientific/engi-
neering analyses or tests and should be understood and accepted by
the program manager.

Issue 2

Are the Launch Commit Criteria procedures adequate to ensure
the safety of the mission?
Findings

1. The procedure used for developing launch commit criteria is
systematic and thorough; however, violations of the criteria do not
necessarily mean ‘‘no go’’. Therefore, NASA sometimes has relied
on engineering judgments made during the terminal countdown in
determining whether to launch.

2. Launch commit criteria were sometimes waived without ade-
quate engineering analysis or understanding of the technical rea-
sons for establishing the criteria.

Recommendations

1. NASA should review the launch commit criteria procedures,
especially those for dealing with violations, to lessen the reliance
on engineering judgments under stress.

2. When situations arise where “real time” judgments are un-
avoidable, NASA should adopt a more conservative approach to
waiving previously established criteria. In no case should a crite-
rion be waived without a thorough understanding of the rationale
for the establishment of the criterion.

Issue 8

- Are launch readiness review procedures and communications
adequate?
Finding

The Committee finds that the review procedures and communica-
tions used to assure flight readiness were systematic, thorough, and
comprehensive and provided ample opportunity for surfacing hard-
ware problems prior to flight. Level I FRRs are usually recorded
(audio); however, there is often no record made of other key pre-
launch meetings.

Recommendation

NASA should make every reasonable effort to record meetings
where key decisions might be made; in particular, all formal Flight
Readiness Reviews, including the L-1 and the Mission Manage-
ment Team meeting should be recorded, where feasible by video.
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Issue 4

Was the failure to inform the Level I or Level II Program Man-
agers of the Teleconference involving NASA and Morton Thiokol
on the eve of the launch a factor in the decision to launch?
Findings

1. The Committee finds that Marshall management used poor
judgment in not informing the NSTS Program Manager or the
Level I Manager of the events that took place the night before the
launch, specifically the stated concerns of the Thiokol engineers.
However, the Committee finds no evidence to support a suggestion
3)1123: the outcome would have been any different had they been

2. The Committee finds the efforts of Thiokol engineers to post-
pone the launch commendable; however, Thiokol had numerous op-
portunities throughout the normal flight readiness process follow-
ing flight 51-C in January 1985 to have the new minimum temper-
ature criteria established.

Issue 5

Do the principal contractors have an appropriate role in the
launch decision making process?
Finding

The principal contractors have an active role throughout the de-
cision making process right up to the launch; however, the lack of
a firm requirement for their concurrence at the time of launch
does partially relieve them of responsibility for mission success.
Recommendation

Principal contractors should be required to make a clear, unam-
bigous statement concerning launch readiness just prior to launch.
Issue 6

Are astronauts adequately represented in the decision making
process?
Finding

The astronauts believe they currently have the opportunity to

make inputs into the process and are reluctant to assume a greater
responsibility for the decision to launch.

c. Technical Expertise of Personnel

Issue

Does NASA have an adequate level of in-house technical exper-
tise to manage the Shuttle Program properly?

Findings

1. During the last decade NASA has had significant decreases in
manpower. A disproportionate reduction may have occurred in the
safety, reliability and quality assurance staff at NASA headquar-
ters and at the Marshall Space Flight Center. Additionally during
the period preceding the Challenger accident, the Office of Space
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Flight also suffered a decline in staff. The decreases may have lim-
ited the ability of those offices to perform their review functions.

2. The information presented to NASA headquarters on August
19, 1985 was sufficient to require immediate and concentrated ef-
forts to remedy the joint design flaws. The fact that NASA did not
take stronger action to solve this problem indicates that its top
technical staff did not fully accept or understand the seriousness of
the joint problem.

Recommendations

1. NASA should review the numbers and qualifications of key
staff in technical and management positions and should consider
additional training and recruitment of individuals to further the
quality and safety of NASA’s missions.

2. The Committee should maintain on-going oversight of this
analysis and conduct an in-depth examination upon the conclusion
of NASA’s review.

d. Change Control Process

Issue 1

Has the pressure to maintain operational flight rates and sched-
ules for the Shuttle compromised the hardware Change Control
Process?

Findings

1. When NASA declared the Space Shuttle to be an operational
system, additional pressure to increase flight rates impacted other
aspects of the overall program such as the ability to implement,
evaluate, test, and certify changes in hardware design.

2. As a result of attempting to operate the Shuttle at increased
flight rates, controlling other aspects of the program such as the
flight production process and manifest also became a more complex
and difficult aspect of program administration.

Recommendations

1. NASA must reconsider its efforts to categorize the Shuttle as
an operational transportation system.

2. 'The Configuration Management System designed to control
such changes must be reexamined by NASA as to its effectiveness
in assuring that all hardware changes take place in a safe and reli-
able fashion.

Issue 2

Is the change control process sufficiently defined for all elements
of the Shuttle system?
Findings

1. The NSTS engineering and process change guidelines are, for
the most part, sufficiently well-defined for the majority of the sub-
systems that comprise the Space Shuttle.

2. NASA gives the same level of scrutiny to changes involving a

minor component (such as moving velcro strips in the Orbiter) as
those involving mission critical elements of flight hardware.
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Recommendation

NASA should review its change control process to determine the
usefulness of differentiating between minor changes and significant
changes.

2. Organization and Policy Management
a. Management Structure

Issue 1

Does the management of the Shuttle Program adequately define
the lines of authority and are managers given authority commen-
surate with their responsibilities?

Finding

The management of the Shuttle Program is complex and diversi-
fied and it is not always clear who has authority or responsibility.
NASA’s “lead center’ concept has resulted in placing the manage-
ment of the program at JSC, one of three centers participating in
the program; however, because Johnson does not have control of
the other centers’ resources, the NSTS Program Manager’s author-
itiy to manage the program is limited and the responsibility is un-
clear.

Recommendation

NASA should restructure the Shuttle Program management to
define clear lines of authority and responsibilities. This restructur-
ing should take into account the special role each center must play
and be especially sensitive to the need for the cooperation and sup-
port of all the participants to achieve a common goal. NASA
should give special consideration to moving the Program Manager
to NASA Headquarters to avoid the confusion and inter-center ri-
valry that result from having a large multi-center program man-
aged out of one of the participating centers.

Issue 2
Are astronauts adequately represented in management?
Finding
The Committee finds no evidence that astronauts are denied the
opportunity to enter management if they so choose.
b. Communication

Issue 1

Are there adequate opportunities to communicate problems
within the Shuttle Program management structure?

Finding

There are many regularly scheduled meetings and telecons at all
levels of management throughout the Shuttle Program. In addi-
tion, “special” meetings and telecons are routine. No evidence was

found to support a conclusion that the system inhibited communi-
cation or that it was difficult to surface problems.
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Issue 2

Is too much information being disseminated so that important in-
formation is lost?

Finding
Large amounts of information are disseminated on a routine

basis, often with little or no indication of its importance to all of
the recipients.

Recommendation

NASA management should review the process of providing infor-
mation on significant actions so that awareness by concerned man-
agers is assured.

Issue 8

Are communications filtered so that important information is
prevented from reaching the decision makers?
Finding

NASA managers delegated the responsibility for making techni-
cal judgments to lower level managers or assistants. Therefore, the
information that reached the top decision makers was “filtered” in
that it was interpreted by others that were presumed to have more
specialized experience or expertise in a given area. There is no evi-
dence that middle level managers suppressed information that they
themselves deemed to be significant. In fact, as discussed in the
section on technical expertise, the failure was not the problem of
technical communications, but rather a failure of technical decision
making.

¢. Safety, Reliability and Quality Assurance

Issue 1

Is NASA'’s decision to establish a new Office of Safety, Reliability
and Quality Assurance appropriate and, if so, what should its role
be?

Finding

The Committee finds that the Rogers Commission recommenda-
tion that NASA should establish an Office of Safety, Reliability
and Quality Assurance that reports directly to the Administrator is
indeed appropriate. However, it is not clear what the activities of
this office will encompass.

Recommendations

1. The Associate Administrator for Safety, Reliability and Qual-
ity Assurance (SR&QA) should provide to the Committee the agen-
cy’s draft plan delineating the organization, goals, implementation
strategies and resource requirements of the Office of SR&QA.

2. After the Office of SR&QA is fully operational, the Committee
will wish to continue oversight over its activities.
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Issue 2

Has NASA applied sufficient resources to support adequate
SR&QA efforts within the NSTS program?

Findings

1. The Committee finds that reductions in NASA civil service
personnel that have occurred over the past decade have adversely
impacted the agency’s ability to maintain the appropriate level of
oversight and control of the SR&QA activities within the NSTS.

2. NASA has become increasingly dependent upon outside
SR&QA support from the Department of Defense (Defense Contract
Administration Services (DCAS) and Air Force Plant Representa-
tive Office [AFPRO)) and contractors.

3. NASA has reduced or reassigned to other program areas in-
house safety, reliability and quality assurance tasks such as test-
ing, analyses and instrumentation and has reduced or shut down
in-house facilities for performing SR&QA research and technology
development. The degree to which these factors have adversely im-
pacted the safety, reliability and quality assurance activities within
the NSTS program has not been adequately assessed.

Recommendations

1. NASA should establish and maintain a strong and effective
SR&QA program. Continuing support for such a program must
come directly from the Administrator.

2. Although it is appropriate to establish strong contractor capa-
bilities in the areas of SR&QA, the internal oversight responsibil-
ities and coordination of SR&QA tasks must be the responsibility of
NASA itself. In order to assure that the appropriate interfaces
among the various subsystem elements that comprise the NSTS are
maintained, a sufficient complement of NASA SR&QA manage-
ment and support staff must be available to perform the necessary
oversight and coordination tasks.

Issue 3

Are the responsibilities of safety engineers and design engineers
adequately specified within NASA’s “risk management” program?

Finding

The roles of safety, design as well as reliability engineers are not
adequately and uniformly defined throughout the NSTS program.
In some cases, the Committee learned that safety engineers were
not participating in major decisions related to flights of the Shut-
tle.

Recommendation

It should be the responsibility of the new Associate Administra-
tor for SR&QA to fully specify the roles of safety and reliability en-
gineering as well as quality assurance personnel within the NSTS
program, so that all critical aspects of the program and decisions
related to the adequacy of hardware and subsystem performance
are fully reviewed by these disciplines.
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Issue 4

Does the SR&QA program require improved coordination be-
tween centers, contractors and NASA Headquarters?

Findings

1. Although guidelines have been published that describe the re-
sponsibility of contractors in the areas of SR&QA, NASA’s guide-
lines do not adequately distinguish these various activities as dis-
tinct disciplines requiring specialized skills and centralized coordi-
nation.

2. In its review of the agency’s reliability and quality assurance
programs as they relate to the Space Shuttle, the Committee found
there was little commonality among the cognizant officials at
MSFC, JSC, KSC, and Headquarters in the perception of the vari-
o'us1 responsibilities associated with these separate and distinct dis-
ciplines.

Recommendations

1. It is important that a clear delineation of responsibilities for
the separate SR&QA disciplines be appropriately documented. It is
also essential that the relative importance of each of the three sep-
arate disciplines be established as an integral part of the NSTS
program. These functions are the responsibility of NASA Head-
quarters.

2. NASA must carefully review the staff and resources devoted
to the SR&QA function within NASA and contractor organizations
for adequacy. The Administrator shall report to the Committee
with his findings and recommendations.

d. Contractor Incentives

Issue

Key Shuttle contracts (e.g., Solid Rocket Booster Production Con-
tract and the Shuttle Processing Contract (SPC)) provide incentives
both for reliability, integrity, and safety of products and services on
the one hand, and for cost and schedule on the other. Do these con-
tracts provide an appropriate balance between the two types of in-
centives? That is, does NASA utilize contracts to reward and pro-
mote operational safety?

Findings

1. The SPC provides far greater incentives to the contractor for
minimizing costs and meeting schedules than for features related
to safety and performance. SPC is a cost-plus, incentive/award fee
contract. The amount of the incentive fee is based on contract costs
(lower costs yields a larger incentive fee) and on safe and successful
launch and recovery of the Orbiter. The award fee is designed to
permit NASA to focus on those areas of concern which are not sen-
sitive to the incentive fee provisions, including the safety record of
the contractor. However, the incentive fee dwarfs the award fee—
while the maximum value of the award fee is only one percent of
the value of the SPC, the incentive fee could total as much as 14
percent of the SPC.
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2. During the developmental phases of the Thiokol contract for
Solid Rocket Booster production (1980-1983), the contractor re-
ceived consistent ratings of “Excellent-Plus” or ‘“‘Superior” under
the cost-plus, award-fee contract. NASA contracted with Thiokol on
a cost-plus, incentive-fee (CPIF) basis beginning in July 1983. The
CPIF contract pays strictly on the basis of costs, although penalties
may be invoked for delays in delivery or for Shuttle accidents due
to SRB failure. At the time of the Challenger accident, Thiokol was
eligible to receive a very large incentive fee, probably on the order
of $75 million.

Recommendations

1. NASA should reexamine all Shuttle contracts and report to
the Committee with its findings and recommendations on whether
more incentives for safety and quality can be built into these con-
tracts. This report should address, inter alia, the SRB Production
Contract and the SPC.

2. NASA’s new Office of SR&QA should be involved in the pro-
curement and award fee processes, both to establish reasonable
guidelines and rewards in new contracts and to judge performance
of ongoing contracts.






IV. BACKGROUND

INITIAL EVENTS FOLLOWING THE ACCIDENT

On January 28, Chairman Fuqua stated on the floor of the House
that the Committee would conduct comprehensive hearings and
prepare its report on the Challenger accident and its implications
after the National Aeronautics and Space Administration had com-
pleted its immediate investigation. NASA’s effort was to follow the
same investigative approach it had taken after the Apollo 2041 fire.

In preparation for this time, Mr. Fuqua working with Mr. Lujan,
the Ranking Republican Member, appointed a steering group of
Committee Members two days following the accident to guide the
Committee’s work. This group consisted of:

Don Fuqua Manuel Lujan, Jr.
Harold Volkmer Robert Walker
Bill Nelson Ron Packard

However, this plan and timetable were changed when President
Reagan, by Executive Order, established a Presidential Commission
on the Space Shuttle Challenger Accident on February 3, 1986. The
order directed the Rogers Commission to make its final report to
the President and the Administrator of NASA within 120 days. The
order directed the Commission to: ‘(1) Review the circumstances
surrounding the accident to establish the probable cause or causes
of the accident; and (2) Develop recommendations for corrective or
other,action based upon the Commission’s findings and determina-
tions.”

With this important new development, the Committee Steering
Group met and decided to modify its earlier approach of investigat-
ing NASA’s inquiry to that of reviewing the Rogers Commission’s
investigation. It was determined that the Committee’s formal work
would begin as soon as practicable after the Rogers Commission
issued its report.

COMMITTEE PREPARATION

On February 5, the Chairman, Mr. Fuqua, and Mr. Lujan, wrote
a letter to Chairman William P. Rogers stating their support for
the serious task which was ahead of the Presidential Commission.
In that letter Messrs. Fuqua and Lujan also outlined the Commit-
tee’s approach, saying:

We would like to begin our oversight process by asking

you to establish procedures for providing us with progress
reports as appropriate so that we can be kept advised of

! On January 27, 1967, astronauts Virgil Grissom, Edward White II and Roger Chafee were
killed when their Apollo spacecraft was destroyed by fire on the launch pad.

(35)
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the activities of your Commission. At the conclusion of the
Commission’s work, we will undertake a thorough review
of your report; we expect that this review will be similar
to the review and hearings held after the Apollo 204 fire
and the Apollo 13 incident.2

It is our understanding that the Commission is tasked
with completing its report in 120 days. In light of this fact,
we would like to request your appearance before the Sci-
ence and Technology Committee during the first week in
June, or within one week of your final report, should you
complete it sooner.

The letter to Chairman Rogers also noted that a similar letter
had been sent that same day to the NASA Acting Administrator,
Dr. William R. Graham. It stated that the Committee also planned,
after hearing from the Commission, to take testimony from NASA
management on the accident, and “closely review NASA proposed
management plans designed to implement the Commission’s recom-
mendations.”

Chairman Fuqua and Chairman Rogers then worked out an in-
formal arrangement for the Committee Steering Group so that
when there was sufficient reason to meet, in the opinion of the two
chairmen, Chairman Rogers would brief the Steering Group on the
progress of the investigation.

By April 22, the Steering Group felt it had heard sufficient infor-
mation to brief the Members of the full Committee on Science and
Technology. This was done in a closed meeting that day.

On May 16, 1986, Chairman Fuqua sent a memorandum to all
Members stating that he had asked Congressman Robert Roe, the
Ranking Majority Member, to chair the Committee hearings on the
Challenger accident, stating that ‘“there is a distinct possibility
that follow-through activities related to the hearings will carry
over into the next Congress in which I shall not serve.”

CoMMITTEE TRIP

When it appeared that the Rogers Commission would be able to
meet its 120-day deadline, Mr. Roe arranged to take a group of
Committee Members and key staff to the Kennedy Space Center on
June 6, 1986. At the Center the Members heard detailed accident
briefings, took a tour of the Vehicle Assembly Building where a set
of Solid Rocket Motors and External Tank was examined, and
viewed the recovered debris from the Challenger spacecraft.

TaE HEARINGS

The Rogers Commission report was released on June 9, 1986. Im-
mediately thereafter, the full Committee began its inquiry under
the direction of Mr. Roe. The Committee heard from 60 witnesses
during 10 days of hearings, for a total of 41 hours. A compilation
follows:

2 On April 13, 1971, Apollo 13's Command and Service Modules were disabled by an oxygen
tank explosion en route to the Moon. The crew was recovered safely.
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CHALLENGER INVESTIGATION HEARINGS
[Witnesses and total days of hearings]

Total

Days of hearings withesses

Witnesses

June 10, 1986......... . Hon. William P. Rogers, Chairman, Presidential Commission on the Space Shuttle Challenger
Accident.

Neil Armstrong, Vice Chairman.

Dr. Alton Keel, Executive Director.

Dr. James C. Fletcher, Administrator, NASA.

RADM Richard Truly, Associate Administrator for Space Flight, NASA, accompanied by Mr.
Edward Aldridge, Secretary of the Air Force, Washington, DC.

Amold D. Aldrich, Manager, National Space Transportation System, NASA.

Dr. Witliam Graham, Deputy Administrator, NASA.

Dr. Dan Germany, Leader, Photo and TV Analysis Team, NASA.

Capt. Robert L. Crippen, Astronaut, NASA.

Dr. James C. Fletcher, Administrator, NASA.

Arnld D. Aldrich, Manager, National Space Transportation System, NASA.

Mr. /téAMiChaeI Weeks, Deputy Associate Administrator (Technical), Office of Space Flight,
N

June 11, 1986

June 12, 1986

Dr. Miiton A. Silvera, Chief Engineer, NASA.

RADM Richard Truly, Associate Administrator for Space Flight, NASA.

LR, Thompson, Vice Chairman, NASA, STS 51-L Design and Data Analysis Task Force, NASA.
Dr. William Graham, Deputy Administrator, NASA

REPRESENTATIVES FROM NASA'S TASK TEAMS

Dan Germany, Deputy Manager, Space Station Project Office, NASA, Johnson Space Center.

John Thomas, Manager Ad Hoc, Solid Rocket Motor Design Team, Marshall Space Flight Center.

Thomas J. ““Jack” Lee, Deputy Director, Marshali Space Flight Center.

Thomas Holloway, Chief, Flight Director Office, NASA, Johnson Space Flight Center.

Thomas Utsman, Deputy Director, NASA, Kennedy Space Center.

June 17, 1986.......... {1 Charles S. Locke, Chairman of the Board and Chief Executive Officer, Morton Thiokole.

Joseph C. Kilminster, Vice President, Space Qperations, Morton Thiokel.

Allan J. McDonald, Director, SRM Verification Task Force, Morton Thiokol.

Roger M. Boisjoly, Staff Engineer, Morton Thiokol.

U. Edwin Garrison, President, Aerospace Group, Morton Thiokol.

Carver G. Kennedy, Vice President, Space Booster Programs, Morton Thiokol.

Amold R. Thompson, Supervisor, Structures Design, Morton Thiokol.

Dr. William Graham, Deputy Administrator, NASA, accompanied by Thomas Moser, Deputy
Administrator, Office of Space Flight, NASA.

RADM Richard Truly, Associate Administrator for Space Flight, NASA.

Dr. William Lucas, Director, Marshall Space Flight Center, accompanied by J. Wayne Littles,
Deputy Director of Science and Engineering, Marshall Space Flight Center.

Lawrence Mulloy, Assistant to the Director for Science and Engineering, Marshal! Space Flight
Center.

Gerald W. Smith, Manager, Solid Rocket Booster Project, Marshall Space Flight Center.

Stanley Reinartz {no comment), Manager, Special Projects Office, Marshall Space Flight Center.

William Sneed, Assistant Director, Policy and Review, Marshall Space Flight Center.

June 18, 1986 * ...... LS U. Edwin Garrison, President, Aerospace Group, Morton Thioko!.

Joseph C. Kilminster, Vice President, Morton Thiokol.

Carver G. Kennedy, Vice President, Space Booster Program, Morton Thiokel.

Allan J. McDonald, Director, SRM Verification Task Force, Morton Thiokol.

Roger M. Boisjoly Staff Engineer, Morton Thiokol.

Arnold R. Thompson, Supervisor, Structures Design, Morton Thiokol.

June 25, 1986.......... [ J— Maj. Donald “Deke” K. Slayton, Brig. Gen. James A. McDivitt, Capt. John W. Young, Col. Henry
W. Hartsfield, Jr., Comdr. Robert L. Gibson, Gen. Thomas Stafford.
July 15, 1986........... 3o George Jeffs, President, North American Space Operations, Rockweil International.

Richard M. Davis, President, Martin Marietta Michoud Aerospace.
George Murphy, Executive Vice President and Gemeral Manager, United Technology Booster

Production Co.

July 16, 1986w 7o ED. Sargent, President, Lockheed Space Operations Co. and Program Manager, Shuttle
Processing Contract, accompanied by Fred Haise, President, Grumman Technical Services
Division.

Carver Kennedy, Vice President, Space Booster Programs, Morton Thiokol.
David Owen, Lockheed Space Operations Co. and Deputy Program Manager, Kennedy Space
Center.
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CHALLENGER INVESTIGATION HEARINGS—Continued

[Witnesses and total days of hearings]

Total

witnesses Witnesses

Days of hearings

Charlie Fioyd, Systems Engineer, Lockheed Space Operations Co.
James R. Dubay, President and General Manager, EG&G Florida, Inc., accompanied by Dr.
Donald Kerr, Senior Vice President, EG&G Florida, Inc.
George R. Faenza, Vice President and General Manager, McDonnell Douglas Astronautics Co.
... Nan M. Lovelace, Vice President and General Manager, Space Systems Division, General
Dynamics Corp.
John F. Yardley, President, McDonnell Douglas Astronautics Co.
July 24, 1986........... 5. Lt Gen. James A. Abrahamson, Director, Strategic Defense Initiative, Department of Defense.
lesse W. Moore, Director, Johnson Space Center, NASA/Houston, Texas.
Robert F. Thompson, Vice President, Space Stations, McDonnell Douglas Astronautics Co.
G.S. Lunney, President, Satellite Systems Division, Rockwell International.
Arnold Aldrich, Manager, National Space Transportation System, Lyndon B. Johnson Space
Center, NASA/Houston, Texas.

July 23, 1986.......... 2.

Total....cccc. 60.ccurrneenes

t Continued from June 17, Morton Thioko! only.



V. THE ACCIDENT

A. INTRODUCTION

This section as well as Sections VII and VIII identify what hap-
pened, as well as what did not happen, to cause the loss of the
Challenger. This section also discusses why the accident happened
in an effort to prevent future catastrophes.

By the time the Rogers Commission had completed its report, it
had been learned that many items investigated by the Commission
did not contribute to the accident. Consequently, this section is di-
rected toward a more narrow range of possible contributing causes.

There were human as well as technical failings that combined on
the morning of January 28, 1986, to cause the Challenger accident.
Most of NASA’s personnel were not involved in the Solid Rocket
Motor program while there were others outside of NASA, such as
the media, the Congress and the Administration, who were in-
volved through their influence on the Shuttle program.

It should also be recognized that this report has the advantage of
hindsight. Our investigation indicates that the decision to launch
Challenger on January 28 suffered equally from a lack of informa-
tion, misinterpretation of the information that was available, and a
complex interplay of personalities among the principals involved.
We are equally convinced, however, that the resulting decision to
launch was arrived at as a logical conclusion of faulty premises,
(clou_pled with a failure to recognize the effect of temperature on the

esign.

We hope the lessons learned from this accident will lead to
design improvements in the Shuttle Program. Just a few years ago,
the collapse of the Hartford Civic Center contributed to the im-
provement of engineering design techniques to accommodate the
unigue secondary forces inherent in long-span structures. The
Gothic cathedrals of the fourteenth century were constantly im-
proved after their early failures were studied.

We hope this section, as well as Sections VII and VIII, properly
identify the mistakes that led to the Challenger accident. It is the
intent of the Committee to identify these mistakes so that NASA
will regain its former level of excellence. The Committee has confi-
dence that the men and women of the Naticeal Aeronautics and
Space Administration will meet the challenge, improve the Shuttle
and their management methods, and go on to explore new frontiers
in space. This assumes, however, that the agency will now receive
resources adequate to support the programs it is authorized to
carry out by the Congress and the President.

(39
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For the benefit of those who may not be familiar with the Space
Transportation System, the Shuttle consists of an Orbiter (561-L’s
Orbiter, the Challenger, was one of a four-vehicle fleet), an Exter-
nal Tank (ET), and two Solid Rocket Boosters (SRBs). (See Figure
V-1.) A brief description of the Solid Rocket Booster and the Solid
Rocket Motors is included to familiarize readers with these sys-
tems.
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The Solid Rocket Boosters operate in parallel with the main en-
gines for the first two minutes of flight to provide the additional
thrust needed if the Orbiter is to escape the gravitational pull of
the Earth. At an altitude of approximately 144,000 feet (24 nautical
miles), the SRBs separate from the Orbiter/External Tank, descend
on parachutes, and land in the Atlantic Ocean. They are recovered
by ships, returned to land, and refurbished for reuse.

The heart of the booster is the Solid Rocket Motor (Figure V-2).
It is the largest solid propellant motor ever developed for space
flight and the first built to be used on a manned craft. Larger solid
motors have been test-fired but have never been carried through
complete development to actual use in flight. The huge Solid
Rocket Motor is composed of a segmented motor case loaded with
solid propellant, an ignition system, a movable nozzle, and the nec-
essary instrumentation and integration hardware.

NOSE CAP ——

FRUSTAUM STATISTICS FOR EACH BOOSTER A
= FORWARD SKIRT ] THRUST AT LIFT-OFF (2,650,000 pounds)
: PROPELLANT

. FORWARD SEGMENT Atomized aluminum powder

- (fuel), 16 percent
~

Ammonium perchlorate

FUBWAHD EENTEH (qxidizer), 69.83 percent
SRB | SEGMENT

. }.SAM  AFT CENTER

. Polybutadiene acrylic acid :
SEGMENT acrylonitrile (binder), 12 percent
Epoxy curing agent, 2 percent

Iron oxide powder
{catalyst), 0.17 percent (varies) .

AFT ATTACH RING

WEIGHT

AFT SEGMENT ‘gmpty;] 89?6?00 pounds ) :
ropellant: (1, ,000 pound
WITH NOZZLE J Gross: (1,300,000 gound:)
AFT SKIRT ————=—
Ficure V-2

Each motor case is made of 11 individual weld-free steel seg-
ments (Figure V-3). Averaging approximately 1.27 centimeters (0.5
inch) thick, the steel is a high-strength formulation. Each segment
is heat-treated, hardened, and machined to the exact dimensions
required. The 11 segments are held together by 177 high-strength
steel pins at each case segment joint. The clevis-type joints are
wrapped with reinforced fiberglass tape and sealed with a rubber
seal band that is bonded to the case with adhesives.
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In this report there are many references to the joint design, ero-
sion and O-ring seals. There are several different joint designs used
in the Solid Rocket Motor. The joint that failed on the last Chal-
lenger flight, the aft field joint, was not the one that had been
giving NASA the most trouble. More O-ring erosion had been expe-
rienced on nozzle joints, the design of which is significantly differ-
ent than the aft field joint. However, since NASA treated erosion
as a problem that impacted both the nozzle and field joints, the
data on erosion in this section includes that obtained from the
nozzle joint.

Whenever a temperature is specified, it is essential that it be re-
lated to a specific medium such as air (or ambient temperature),
rocket propellant, or casing joints, for example. The temperature of
the joints, air and propellant can all be different at the same time,
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just as the ocean temperature at the beach on a 90-degree day
could be 75 degrees.

Much of this discussion concerns heat, or the absence thereof.
For example, if an O-ring had given up heat during the night, it
would very likely be at a lower temperature than the temperature
of the air in the morning after the sun had risen. This was the situ-
ation at the time Flight 51-L was launched. The heat gained by the
joint in the time after sunrise was not sufficient to raise the tem-
perature of the O-ring material to a level where Thiokol engineers
believed the O-ring could respond and seal the joint under ignition
pressures.

The following chart describes the principal steps in the evolution,
flight, and reconditioning of the Solid Rocket Motors (Figure V-4).



SOLID ROCKET MOTOR

45

PRINCIPAL STEPS IN THE EVOLUTION, FLIGHT AND RECONDITIONING OF

SOLID ROCKET MOTORS

PROGRAM DIRECTION BY
NASA

CONTRACTOR DESIGN

- v

TESTING AND
<} CERTIFICATION"

\

MANUFACTURING -~

SHIPMENT

STACKING

LAUNCH AND RETRIEVAL

REFURBISHMENT

DEFINE PROGRAM REQUIREMENTS AND VERIFY
THAT OBJECTIVES ARE CONSISTENTLY MET.
NASA

DESIGN THE MOTOR TO MEET ALL PERFORMANC
REQUIREMENTS DURING ALL ANTICIPATED
CONDITIONS OF FLIGHT.

) MORTON THIOKOL

ASSURE THAT DESIGN MEETS ALL REQUIREMEh
MORTON THIOQKO

WASA

PROCURE MATERIALS AND COMPONENTS, PRODU
AND ASSEMBLE AN OPERATIONAL MOTDR IN
ACCORDANCE WITH THE DESIGN.

MORTON THIOKOQL

ROHR INDUSTRIES
PARKER SEAL COMPANY

LOAD, TRANSPORT UNLOAD AND STORE MOTOR

SEGMENTS

. MORTON THIOKOL

ASSEMBLE MOTOR SEGMENTS |N PREPARATION
FOR FLIGHT.
MORTON THIOKOL

REVIEW AND DECISION ON LAUNCH, IGNITE
MQ;SRS SEPARATE AND RECOVER SPENT HOTOF

MORTON THIQKOL

RESTORE COMPONENTS IN ACCORDANCE WITH
SPECIFICATIONS.
MORTON THIOKOL

FIGURE V-4

Figure V-4



46

Because of the difficulty the reader may find in understanding
the NASA Flight Readiness Review for the Solid Rocket Booster
for Flight 51-L and the terms used to describe the steps in the
process, the following chart describes the level of review, office con-
ducting the review, and the scope of the review. In addition to the
following meeting chart, there were numerous other ad hoc meet-
ings on the SRMs including the meeting between NASA and Thio-
kol personnel during the evening before the launch of Flight 51-L.

TABLE I.—FLIGHT READINESS REVIEWS

[STS-51L)
Level and date Reviewing office Scope of review

[V—Dec. 11, 1985.......ccooccc. Thiokol Wasatch...............cccueees Conducted by Thiokol Solid Rocket Motor program managers in
preparation for presentations to Marshali Space Flight Center
{MSFC).

l—Dec. 17, 1985.................. SRM Office..........ccooo.oerrroror.. Conducted by Larry Wear, Manager of the Solid Rocket Motor
Program Office, MSFC. Material presented by Thiokol personnel.

Il—Jan. 3, 1986..................... SRB Project Office .................. Conducted by Larry Mulioy, Manager of the Solid Rocket Booster

Project Office. This is a combined briefing on the SRM and the
elements making up the booster assembly, which, when
integrated make up the Shuttle Sofid Rocket Boosters.

—Jan. 9, 1986.........ccoo.c...... Shuttle Projects............cccuwwenene Conducted by Stanley Reinartz, Manager, Space Shuttle Projects
Office, MSFC. This review discusses all elements of the Shuttle
managed by Marshall.

ll—Jan. 13, 1986.......c.cco....... Center Board....................cocooeo Conducted by Dr. William Lucas, MSFC Director. Final discussion
of Marshall hardware in preparation for review by the Space
Transportation System Program Manager.

H—Jan. 14, 1986................... STS Program.........c.c..ccooo... Conducted by Amnold Aldrich, Space Transportation System Pro-
gram Manager. First review dealing with the flight vehicle and
associated ground support in its entirety.

I—Jan 15, 1986..................... Space Flight ........................... Conducted by Jesse Moore, Associated Administrator for Space
Flight. Remaining items that impact launch are discussed and
assigned for disposition. Certificate of Flight Readiness is
signed.

j—Jan. 25, 1986..........cooee L=1 ROVIEW .coocrvvrveerrrericrene Meeting of the Mission Management Team to receive reports on

action items remaining from the Fiight Readiness Review. Al
action items should be closed by this time.

Considerable reference will be made to the “joint design”
throughout this section of the report. Consequently, the following
description of the joint is provided. (See Figures V-5 thru V-7.)
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B. Sorimp Rocker MoTORS

1. HISTORY

Issue

Was there sufficient time to correct the problems with the Solid
Rocket Motor?

Findings

1. Problems with the joints which connect the Solid Rocket
Motor casings were recognized for many years. While attempts
were made to correct these problems, the measures taken were in-
sufficient to provide a reliable joint.

2. The joint seal problem was recognized by engineers in both
NASA and Morton Thickol in sufficient time to have been correct-
ed by redesigning and manufacturing new joints before the acci-
dent on January 28, 1986. Meeting flight schedules and cutting cost
were given a higher priority than flight safety.

Discussion

At seven different times in the Shuttle Program, NASA and
Thiokol managers made poor technical decisions that ultimately
permitted continued flight of an unsafe Solid Rocket Motor design.

1. NASA’s issuing of a performance specification that did not
adequately take into account the known weather conditions that
occur in Florida during the winter months.

2. Accepting the new joint design without sufficient certification
and testing.

3. Failure to accept John Miller’s ! recommendations to redesign
the clevis joint on all on-coming hardware at the earliest date.

4. Establishing a specific value for the upper limit of erosion
that could be tolerated in flight on the basis of a ‘“‘computer pro-
gram model” instead of recognizing the erosion itself as a failure of
the joint.

5. Proceeding through more than four years of Shuttle flights
with continuing joint/seal problems without designing, testing and
incorporating a new type of field joint and nozzle joint as well.

6. NASA’s permitting Thiokol to continue making Solid Rocket
Motors without conducting full scale tests as had been requested by
NASA 14 months previously.

7. Mr. Mulloy’s description of joint failures as being within
“their experience base.” In other words, if it broke before and the
size of the recent break was no bigger than those before, then there
was no problem. Even when the erosion surpassed all previous ex-
perience, NASA then went on and expanded its “experience base.”

What follows is a list of events and documents which relate to
the cause of the accident. They are included here to demonstrate
that there was adequate experience and information available
before the accident and that this information should have been suf-
ficient to cause the initiation of corrective action before the launch
of Flight 51-L.

! John Q. Miller is Chief, Solid Motor Branch, Marshall Space Flight Center, NASA.
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July 16, 1973 —NASA issues a Request for Proposal (RFP) for the
Space Shuttle Solid Rocket Motor project. Under “Scope of Propos-
al,” the RFP stated in part:

NASA considers that a prime contractor’s use of estab-
lished expertise in the private sector is an essential ap-
proach toward the objective of maximum economic effec-
tiveness. Proposals from joint ventures will not be accept-
ed, and the development of new expertise by a prime con-
tractor, either in-house or elsewhere in the private sector,
is to be avoided to the extent possible, since the latter
course detracts from the stated objective.

This RFP is specifically directed toward the design, de-
velopment, test, production, acceptance, operation, and re-
furbishment of the Solid Rocket Motor and its ancillary
equipment, post-flight analysis, and support functions. It is
imperative in all considerations of the proposal and its
subsequent implementation, that effort be made to mini-
mize production and operating costs while maintaining
reasonable DDT&E costs. The minimization of these costs
entails the utilization of design and production approaches
that will result in the lowest possible cost per flight con-
gistent with the Space Shuttle Program early year funding
constraints and the design, performance and reliability
requirements.!®

August 27, 1973.—Thiokol, in the Executive Summary to its re-
sponse to the RFP, addressed NASA concerns regarding SRM reli-
ability (Appendix N, RFP 8-1-4-94-98401). Among other failure
modes identified by NASA, Thiokol described the steps it had
taken to prevent O-ring seal failure. These included:

DESIGN FEATURES

Redundant seals;
Protection of mating surfaces;
Assure proper environment and capability.

TEST AND CONTROL FEATURES

Functional leak check of dual seals prior to test or use;

Material migration/compatibility tests to demonstrate
suitability. ™

November 19, 1978.—In its report to NASA Administrator James
C. Fletcher, the Solid Rocket Motor Source Evaluation Board (SEB)
evaluated the proposals generated by the Solid Rocket Motor RFP.
Thiokol scored 124 out of a possible 200 points for its motor design,
the lowest score among the four competitors. The only design
strength identified by the Board: “Case joint leakcheck capability
increases reliability and improves checkout operations.”

= NASA, Marshall Space Flight Center, ‘“Request for Proposal: Space Shuttle Program Solid
Rock Motor Project,” RFP 8-1-4-94-98401, Volume 1, July 16, 1973, pp. 1-3, 1-4.

® Thickol, “Executive Summary: Proj 1 for Solid Rocket Motor Project for the Space Shut-
tle Program,” Publications No. 0873-73270-1, Volume 1, August 27, 1973, p. 3-10 (Table 3-4).

© NASA, Marshall Space Shuttle Center, “Presentation to NASA Administrator: Solid Rocket
Motor Project Source Evaluation Board,” RFP 8-1-4-94-98401, November 19, 1973, Chart D-4.
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November 1973.—The SEB Design, Development and Verification
Team Report rejected proposals by Aerojet and United Technol-
ogies Corporation to test motor performance at 40° and 90° Fahren-
heit. The report stated that “The temperature conditioning of two
motors to verify the motor performance over the range of 40° to 90°
is not required, as this data can be obtained from the normal varia-
tion in ambient conditions.” '

December 12, 1973.-—NASA Administrator James C. Fletcher ar-
nounced selection of Morton Thiokol as contractor for Design, De-
velopment, Test and Evaluation (DDT&E) of the Solid Rocket
Motors. In the source selection statement, “Selection of Contractor
for Space Shuttle Program, Solid Rocket Motors,” a statement was
included that indicates that Thiokol ranked fourth out of the four
bidders in the design category (See Appendix V-A). NASA, howev-
er, placed greater importance on cost reduction and Thiokol had an
attractive cost proposal.2

January 9, 1978.—Major problems with the joint design were
identified when Mr. John Miller of NASA sent a memo to Mr.
Eudy. In it Miller stated, “Calculations performed by MSFC [Mar-
shall Space Flight Center personnel] and agreed to by Thiokol show
that distortion of the clevis joint tang for any joint can be suffi-
cient to cause O-ring/tang separation. Data from DMT-1 [Develop-
ment Motor Test-1] showed that this condition could be created by
joint movement . . .” Miller continued, “All situations which could
create tang distortion are not known, nor is the magnitude of
movement known.” Miller also noted that 15 percent industry rec-
ommended a compression value of 15 percent for adequate O-ring
performance. He also cited a Thiokol test report dated August 15,
1977, TWR-11507, which showed a maximum compression of 5.8 to
7.0 percent for O-ring material and spliced joints. Finally, Miller
also recommended a redesign of clevis joints on all on-coming hard-
ware at the earliest possible effectivity to preclude unacceptable,
high risk, O-ring compression values.

November 7, 1978.—Ten months later it would appear that there
was nothing to worry about when a letter from E. G. Dorsey of
Thiokol to Mr. George Hardy of MSFC contained the statement,
“The extrusion data presented in the review and mentioned in the
minutes have confirmed the capability of the O-rings to prevent
leakage under the worst hardware conditions.” Mr. Dorsey at-
tached the Thiokol TWR~12019, dated October 6, 1978 to his letter.

February 3, 1979.—Mr. Eudy and Mr. Ray of NASA visited the
Parker Seal Company. A trip report- was sent to Messrs. Hardy/
Rice/McCool of NASA which contained the following statement:
“Parker experts would make no official statements concerning reli-
ability and potential risk factors associated with the present design
however, their first thought was that the O-ring was being asked to
perform beyond its intended design and that a different type of seal
should be considered. The need for additional testing of the present
design was also discussed and it was agreed that tests which more

1 NASA, Marshall Space Flight Center, “Design, Development and Verification Team Report:
Solid Rocket Motor Project,” November 1973, p. 50. .

2 NASA, “Selection of Contractor for Space Shuttle Program, Solid Rocket Motors,” January
2, 1974,
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closely simulated actual conditions should be done.” This report
also referred to the O-ring extrusion gap being larger than Parker
had previously experienced. (See Appendix V-1.)

November 12, 1981.—During STS-2, the second Shuttle flight,
erosion of the primary O-ring was discovered in the 90 degree loca-
tion of the aft field joint of the right hand Solid Rocket Motor. The
0.053 inch erosion was not discussed in the STS-3 Flight Readiness
Reviews.3 This was the deepest O-ring erosion that would be discov-
ered in any case field joint.

February 25, 1983.—Employees of Thiokol discussed joint “gap
size” and “O-ring compression” at a briefing at the Marshall Space
Flight Center (MSFC).4

March 17, 1983.—Mr. Lawrence Mulloy, MSFC Solid Rocket
Booster (SRB) Project Manager, informed NASA Level 1 (meaning
the Associate Administrator for Space Flight), of the pending
change in criticality from 1R to 1, which meant that a single seal
failure could result in the loss of the Shuttle and crew. That
change was approved on March 28, 1983.5

April 4, 1983.—STS-6 was the first flight to use the “lightweight
case.” It was also the first flight where a criticality factor of 1, in-
stead of 1R, was assigned to the joint. After the flight, “blowholes”
in the nozzle to case joints, not the case field joints, were found in
both the left and right Solid Rocket Motors. These observations
were not discussed in the Flight Readiness Reviews for STS-7.8

December 6, 1983.—An internal Marshall Space Flight Center
(MSFC) memo from Mr. Miller to Mr. Horton highlighted the seal
l‘(;a]lf) detection and zinc chromate putty problems. (See Appendix

-D.)

February 22, 1984.—Marshall Space Flight Center memorandum
from Ben Powers to Horton requested that post-flight and post-
static firing inspection on specific joints be made. The memo ex-
pressed concern about adhesion life of the zinc chromate sealant
after installation on the SRM. See Appendix V-F.

March 2, 1984.—Thiokol personnel described the erosion discov-
ered in the 351 degree location of the left Solid Rocket Motor for-
ward field joint of STS-41B at a Flight Readiness Review. The ero-
sion extended over three inches with a maximum depth of 0.040
inches. This was the first time the subject of O-ring erosion sus-
tained on flights STS-2 and STS-6 was discussed as a technical
issue at a Flight Readiness Review.”

March 8, 1984.—The notion of ACCEPTABLE EROSION was
mentioned at a meeting of the Shuttle Projects Office Board for
STS-41-C. Even though the joint was now classified as Criticality
1, which meant that failure of the joint could lead to the loss of the
Shuttle and crew, the concept of “maximum possible” erosion,
0.090 inches, was accepted as an absolute value based on a comput-

2 Thiokol Report, TWR-300209, Brian Russell, “Narrative History of SRM Seal Erosion and
Blowby Incidents,” June 25, 1986, p. 3.

4 Rogers Commission Report, Volume II, p. H-1.

5 Ibid.

¢ Ibid. [NoTE.—The nozzle to case joint design is significantly different than the case field joint
design which caused the Challenger accident. However, it is cited here because some of the prob-
lems ase relevant to the failure of the aft field joint.]

7 Ibid.
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er program which was supported by limited data. Furthermore, the
0.090 inch value was based on the concept that the O-ring would
seal at 3 times the actual motor pressure even if the erosion ex-
tended to 0.095 inches thereby giving comfort in continuing with a
known problem.?®

March 1984.—Thiokol submitted their “Performance Charateris-
tics of the SRM O-ring Assembly Test Plan,” TWR-14336, which
contained the following statement: “O-ring seals in rocket motors
in general and the Space Shuttle SRMs in particular can suffer
thermal degradation because of exposure to the high temperature
motor chamber gases. Although none of the SRM primary O-rings
to date have failed to perform their design function, there is some
concern because of isolated events which show localized erosion as
high as 0.053 inches. The postulated scenario for this thermal deg-
radation effect is a short time duration impingement of a high
energy jet which is induced during ignition pressurization by a
combination of voids in the protective vacuum putty and the filling
of available free volumes created by the tolerances of mating parts
and the O-ring slots.”

March 20, 1984.—Acceptable erosion was again discussed at the
Flight Readiness Review briefing to the Marshall Center Board.®

March 27, 1984.—Mr. Mulloy discussed O-ring erosion at the
Level 1 Flight Readiness Review for STS41-C. As a result, he re-
ceived an “action item” to review the case and nozzle seals. The
action did not have to be completed before the flight of STS41-C.1°

Mr. Lawrence Wear, the Solid Rocket Motor (SRM) Element
Manager, then directed Thioko! to establish a plan and a test pro-
gram to investigate the issue. Thiokol was directed to determine if
the O-ring erosion was acceptable and if so, why?!!

April 6, 198).—Heat degradation of the O-ring in the left SRM
aft field joint of STS41-C was found, along with “blowholes” in the
putty.

April 1%, 1984.—In an internal Marshall Space Flight Center
memorandum, John Q. Miller told Mr. Horton that “stacking diffi-
culties and observed O-ring anomalies” were increasing with the
use of Randolph putty. The former supplier, Fuller O’'Brien, had
discontinued producing the putty previously used in the Shuttle
program. Accordingly, putty was ordered from Randolph Products.
The memo requested expedited development of a putty with the
characteristics of the Fuller O’Brien putty used prior to STS-8.

May 4, 198}.—Morton Thiokol prepared a Program Plan for the
protection of Space Shuttle SRM primary motor seals. Thiokol’s ob-
jective was to isolate the joint problem and to eliminate damage to
the motor seals, the O-rings. The plan called for analysis and test-
ing of O-rings, putty and associated lubricants.!? See Appendix
V-B.

8 Ibid.

2 Ibid.

10 Thid.

11 Ibid.

12 Morton Thiokol, “Program Plan, Protection of Space Shuttle SRM Primary Seals,” TWR~
14359, May 4, 1984.
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May 23, 1984.—NASA responds to Thiokol’s plan, endorsing the
Program Plan, supplementing it and expressing continued concerns
about zinc chromate putty performance.!3 See Appendix V-C.

May 30, 1984.—A presentation by Thiokol personnel at the SRM
Preboard Flight Readiness for STS41-D described the problems
with STS41-C. 1

June 8, 1984.—The Marshall Center Board review for STS41-D
took place without mention of the SRM problems found on
STSAI—g, even though Thiokol had prepared briefing charts for the
review.

June 18, 1984.—MSFC memorandum from Miller to Horton men-
tioned zinc chromate putty installation discrepancies and recalled
eroded/heat exposure O-ring experiences on QM-4, STS-2, STS-6,
STS-11 (41B) and STS-13 (41C).

June 18, 1984.—The Level 1 Flight Readiness Review for
STS41-D took place, but again without mention of the O-ring prob-
lems discovered on STS41-C.

June 29, 1984.—Scenario of hot gas jet impingement against O-
EI%%‘ Cis substantiated in a teleconference between Thiokol and

August 30, 1984.—STS41-D was launched. Upon disassembly of
the SRM casings at the Kennedy Space Center (KSC). O-ring ero-
sion was found in both the right-hand forward field joint and the
left-hand nozzle joint. The field joint erosion was 0.028 inches deep
and extended over a 3 inch span in the 275 degree location. ¢

September 12, 1984.—Thiokol personnel discussed the problems
with STS41-D at the STS41-G SRM Preboard Review. !’

September 19, 1984.—For the first time, at the STS41-G Shuttle
Projects Board review, Mr. Mulloy mentioned the term ‘“allowable
erosion.” He used the same briefing charts on September 20 at the
Marshall Center Board Review.1®

Flights STS41-G and STS51-A successfully flew without O-ring
damage, a fact that was mentioned in the SRM Preboards for
STS51-A and STS51-C.*?

January 24, 1985.—With a calculated O-ring temperature of 53
degrees F, STS51-C suffered erosion and blow-by in the two case
field joints. The primary O-ring in the left-hand forward field joint
was eroded 0.010 inches over a span of 4.25 inches at the 163
degree location, with a considerable amount of soot between the
primary and secondary O-rings. The primary O-ring in the right-
hand center field joint was eroded 0.038 inches over a 12.5 inch
space at the 354 degree location. There was soot behind the pri-
mary O-ring over a 110 degree arc and the secondary O-ring was
heat damaged over a span of 29.5 inches.

January 31, 1985.—At the STS51-E Preboard review, Thiokol
personnel described the previous O-ring damage in detail as well as

13 NASA, letter from John Miller, MSFC, “Evaluation of TWR-14359, ‘Program Plan, Protec-
tion of Space, Shuttle SRM Primary Motor Seals,””” EP 25 (84-49), May 23, 1984.

14 ers Commission Report, Volume II, p. H-1.

15Tbid.

16 Ibid.

71bid., p. H-2.

*Ibid

9Thid.
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joint performance. They also showed analytical predictions of the
“maximum expected erosion.” 20

February 12, 1985.—Mr. Mulloy and Thiokol personnel presented
a summary of STS 51-C O-ring related problems during a briefing
to the Shuttle Projects Office Board. A portion of the problem sum-
mary on the briefing charts referred to a field joint O-ring blow-by
problem as being an “acceptable risk.” In this briefing the second-
ary O-ring was referred to as a “redundant seal using actual hard-
ware dimensions” even though the field joint had been officially
classified as Criticality 1 for two years.2!

February 14, 1985.—Mr. Mulloy addressed the Marshall Center
(1130ard but did not comment on the STS 51-C O-ring problems in

etail. 22

March 7, 1985.—MSFC Memo to Mr. Mulloy from Mr. McCool.
McCool was concerned that 14 months had elapsed since full scale
diameter tests to provide data on zinc chromate putty behavior as
it related to its effect on joint leak checks were requested. McCool
pointed out that the only positive response from Thiokol was the
Program Plan submitted on May 4, 1983.23 (See Appendix V-E.)

April 4, 1985.—A letter from MSFC to Mr. Joseph Kilminster of
Morton Thiokol requested specific sub-scale and full-scale tests on
effects of zinc chromate putties on O-ring sealing integrity.

April 12, 1985.—STS 51-D was launched and, upon disassembly,
erosion of the primary O-rings in both nozzle joints was discovered.
The right-hand nozzle primary O-ring eroded to a depth of 0.068
inches over a 6 inch span at the 116 degree location. The left-hand
nozzle primary O-ring eroded to a depth of 0.011 inches over a 2.12
inch span at the 14 degree location. There was no blow-by past
either nozzle O-ring.

April 17, 1985.—The Shuttle Projects Board for STS 51-B was
held without mention of seal problems. There was also no mention
of seal problems associated with STS 51-C or 51-D at the Level 1
Flight Readiness Review on April 23, 1985.24

April 22, 1985.—Thiokol’s evaluation of a second source for putty
is issued. The evaluation states: “The Randolph Products putty is
the only material presently qualified for use on the Space Shuttle
Program. It is the desire of Morton Thiokol to evaluate and qualify
a second source for a joint filler material.” The evaluation went on
to state, “The material has demonstrated poor processing charac-
teristics and is moisture sensitive.”’25

April 24, 1985.—Problem Assessment System Record Number
A07934, tracking damage to the field joint seals, contains the fol-
lowing entry: “At NASA request, a solution for O-ring erosion will
not involve a radical design change. Therefore, the possible solu-
tions under current investigation are linked to: (1) new O-ring [ma-

20 Thid.

21 Ihid.

22 Thid.

23 NASA, MSFC, Memo from Mr. Alex McCool, “Request for Initiation of Testing to Provide
Data for Resolving the Burned O-Ring Seal Problem on the Space Shuttle SRM,” EPOI (85-48),
March 7, 1985.

24 Rogers Commission Report, Volume II, p. H-2. . . )

25 Thiokol, S.H. Cardall, “SRM Evaluation of Second Source Joint Filler Material,” TWR-
14946, April 22, 1985, pp. 1-2.
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terials] and/or diameter and (2) new vacuum putty and/or layup
procedure.

April 29, 1985.—Flight STS 51-B was launched and when the
Solid Rocket Boosters were recovered, it was found that the worst
O-ring erosion to date had occurred. The left-hand nozzle primary
O-ring eroded to a depth of 0.171 inches over a 1.50 inch space at
the 54 degree location. There was evidence of considerable blow-by.
The secondary O-ring was eroded to a depth of 0.032 inches over a
3 inch span which was also at the 54 degree sector. The right-hand
nozzle O-ring eroded to a depth of 0.005 inches over a 3.50 inch
span at the 14 degree location.

May 8, 1985.—Blowholes through the putty in one field joint
from each of the STS 51-B SRMs was mentioned before the SRB
Board for Flights STS 51-F and STS-51-G.

May 29, 1985.—The STS 51-G Shuttle Project Board took place
without mentioning O-ring problems.28

May 13, 1985.—The Center Board Review for STS 51-G took
place without mentioning O-ring problems.27

June 11, 1985.—The Level 1 Flight Readiness Review for STS 51-
G took place without mentioning O-ring problems.28

June 17, 1985.—STS 51-G was launched, experiencing blow-by
and erosion in both nozzle joints. The right-hand nozzle primary O-
ring was eroded in two different places. The left-hand nozzle pri-
mary O-ring was also eroded and there was blow-by associated with
all three locations.

July 1, 1985.—A combined Flight Readiness Review for the Mar-
shall SRM Preboard, SRB Board, Shuttle Project Office Board, and
Marshall Center Board was held at which Thiokol personnel pre-
sented an extensive analyses of the problems discovered on Flight
STS 51-B.2°

July 2, 1985.—Mr. Mulloy briefed the Level I Flight Readiness
Review for STS 51-F and presented the STS 51-B O-ring erosion
problem as a “closed item.” Mr. Mulloy based this resolution on
the use of a higher 200 psi leak check stabilization pressure and
introduced, for the first time, a rationale for accepting secondary
O-ring erosion. The Roger Commission would not find any refer-
ence to O-ring problems in any Flight Readiness Review associated
with Flight STS 51-D or STS 51-G.3°

July 19, 1985.—An attempt to form an SRM Erosion team at
Thiokol “virtually failed” according to Mr. Roger M. Boisjoly be-
cause of lack of commitment on the part of Thiokol personnel.

July 29, 1985.—One of the engineers who appreciated the joint
problem was Mr. Boisjoly of Morton Thiokol. In a ‘‘Progress
Report” he wrote, “This problems has escalated so badly in the
eyes of everyone, especially our customer, NASA, that NASA has
gone to our competitors on a proprietary basis and solicited their
experiences on their joint configuration.”3! (See Appendix V-G.)

26 Thid.

27 Thid.

28 Thid.

29 Thid.

30 Thid., p. H-3.

31 Thiokol, Roger Boisjoly, “Progress Report: Applied Mechanics Center,” July 22, 1985.

64-420 0 - 86 - 3
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July 29, 1985.—STS 51-F was launched without O-ring erosion
problems. However, there was a blowhole through the putty in the
flight-hand SRM nozzle and the primary O-ring was affected by

eat.

July 81, 1985.—Boisjoly wrote an interoffice memo to R.K. Lund,
Morton-Thiokol’s Vice President of Engineering: On it, he warned
that the rationale for flying the joint design was now suspect as a
(rl'gzsu\llt e;)t) the secondary O-ring erosion on STS 51-B.3% See Appen-

ix V-J.).

August 7, 1985.-—The Shuttle project review for STS 51-1 was
conducted, followed on August 13 by the Marshall Center Board
and on August 15 by the Level 1 Flight Readiness Review. The O-
ring damage was noted at these reviews.

August 19, 1985.—Thiokol gave a presentation to Mr. Weeks,
NASA Deputy Associate Administrator for Flight (Technical), and
o}tlhers at NASA Headquarters, which contained the following
chart.

SUMMARY OF SIGNIFICANT OBSERVATIONS

All joints:
Seal damage always has associated putty blowhole
Putty blowholes exist without resultant seal damage
Soot blowby can occur away from a putty blowhole
Frequency of O-ring damage has increased since incorporation of:
Randolph putty;
Higher stabilization pressures in leak test procedure;
High performance motors.
Randoph putty is more susceptible to environmental conditions such as humidi-
ty and temperature.
Can become leathery in dry conditions;
Becomes extremely sticky in moist conditions and in some cases begins to
disintegrate.3?

August 20, 1985. A Thiokol interoffice memo mentioned that a
Nozzle O-ring Investigation Task Force had been formally institut-
ed, stating, “As you are aware, we have experienced O-ring damage
on a random basis in the case field joints and prevalently in the
case/nozzle joint on the Space Shuttle Booster Motors. The fre-
quency had increased in recent flights. While we have not compro-
mised the performance of any motor to date, the result of a leak at
any of the joints would be catastrophic.”

August 27, 1985. Flight STS 51-1 was launched, after which it
was discovered that there was primary O-ring erosion in two loca-
tions on the left-hand SRM nozzle joint. At the reviews for STS 51-
J, which occurred on September 9, 1985, September 17, 1985, Sep-
tember 19, 1985, and September 26, 1985, the O-ring erosion noted
on STS 51-1 was merely itemized as, “‘left-hand nozzle to case pri-
mary O-ring erosion within experience base.” There was no O-ring
damage on Flight STS 51-J.

August 30, 1985. One year and four months after the original
drafting of Thickol’s Program Plan TWR-14359, for improvement
of Space Shuttle SRM Motor Seals, the revised version of the plan
was issued.

3 Thiokol, Roger Boisjoly, “SRM O-Ring Erosion/Potential Failure Criticality,” Memo 2870:
FY 86: 073, July 31, 1985.
32 Rogers Commission Report, Volume II, p. H-73.
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October 1, 1985. R.V. Ebeling of Morton Thiokol submitted a
weekly activities report to A.J. McDonald, Director, Solid Rocket
Motor Project, with copies to J. Kilminster and others, which in-
cluded the following statements:

Executive Summary. HELP! The seal task force is con-
stantly being delayed by every possible means. People are
quoting policy and systems without work-around. MSFC is
correct in stating that we do not know how to run a devel-
opment program.

* * * * *

5. The allegiance to the O-ring investigation task force
is very limited to a group of engineers numbering 8-10.
Our assigned people in manufacturing and quality have
the desire, but are encumbered with other significant
work. Others in manufacturing, quality, procurement who
are not involved directly, but whose help we need, are gen-
erating plenty of resistance. We are creating more instruc-
tional paper than engineering data. We wish we could get
action by verbal request but such is not the case. This is a
red flag.

{See appendix V-H.)

October 4, 1985. Roger Boisjoly’s Activity Report identified prob-
lems in obtaining support from Mr. Kilminster for the O-Ring In-
vestigation Task Force.

October 30, 1985. STS 61-A experienced erosion of the right-hand
nozzle primary O-ring to a depth of 0.075 inches over a 13 inch
space at the 97 degree location. There was also blow-by past the
primary O-rings in the center and aft field joints on the left-hand
SRM. But these problems were not discussed at the STS 61-B SRB
Board Review on November 4, 1985. However, Mr. Mulloy included
a note at the Shuttle Project Board Review on November 6, 1985,
“SRM Joint O-ring performance within experience base.”

November 18, 1985. Mr. Mulloy briefed the Level 1 Flight Readi-
ness Review stating, “Post flight inspection of SRM revealed hot
gas erosion of primary nozzle/case joint-O-ring on right-hand
SRM—Within previously accepted experience.”

November 20, 1985. Thiokol briefing document TWR-15349,
“SRM O-ring Task Force Status and QM-5" Recommendations,
presented new seal design concepts and recommendations for Qual-
ification Motor-5 testing on February 20, 1986.

November 26, 1985. STS 61-B experienced primary O-ring erosion
in both nozzle joints. There was also blow-by past the primary O-
ring in the left-hand nozzle joint. These observations were noted at
the STS 61-C SRB Board Flight Readiness Review on December 2,
1985.

December 4, 1985. At the STS 61-C Shuttle Project Board, Mr.
Mulloy noted “SRM joint O-ring performance within experience
base.” The Commission’s copy of the December 9, 1985, Marshall
Center Board briefing was incomplete; however, at the December
11, 1985, Level 1 Flight Readiness Review, it was reported that
there were “No 61-B flight anomalies.”
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December 11, 1985. Thiokol management holds a Solid Rocket
Motor Flight Readiness Review for STS 51-L. No discussion of O-
ring anomalies occurs.

December 17, 1985. Larry Wear holds a Flight 51-L Solid Rocket
g’lotor Project Flight Readiness Review at Marshall Space Flight

enter.

January 3, 1986. The Level III Flight Readiness Review for Flight
51-L takes place at Marshall. SRB recovery system changes are the
primary point of discussion.

January 9, 1986. Larry Mulloy makes his Flight 51-L presenta-
tion at the MSFC Shuttle Projects Office Readiness Review. SRB
parachutes are discussed. O-rings are not.

January 12, 1986. STS 61-C experienced nozzle Joint O-ring ero-
sion and blow-by and a field joint O-ring was eroded 0.011 inches
over an 8 inch span at the 162 degree location. There was blow-by
past the primary O-ring in the left-hand nozzle joint between the
255 degree and 335 degree locations. The primary O-ring in the left
SRM aft field joint was eroded 0.004 inches over a 3.5 inch span at
the 154 degree location.

January 13, 1986. Marshall Space Flight Center 51-L Readiness
Review. Mulloy again does not mention O-ring anomalies.

January 14, 1986. Mulloy’s Flight 51-L presentation to the Level
II Flight Readiness Review indicates there were ‘no 61-C flight
anomalies.”

January 15, 1986. During the STS 51-L Level I Flight Readiness
Review, Mr. Mulloy noted that there were ‘“No 61-C Flight Anoma-
lies,” and that there were “No major problems or issues.”

January 25, 1986. According to Mr. McDonald, Mr. Mulloy men-
tioned that 61-C had suffered O-ring erosion “within experience
base” at the STS 51-L L-1 Flight Readiness Review.

January 26, 1986. The Orlando Sentine! printed an article titled,
“Bitter freeze is expected to clobber state Tuesday.” 32®

January 27, 1986. Thiokol and Marshall personnel spend approxi-
mately three hours in a teleconference debating the effect that pre-
dicted low temperatures will have on the performance of the O-ring
seals.

January 28, 1986, The ice/frost evaluation team visits Launch
Complex 39B at 1:45 a.m., 6:45 am. and 10:30 a.m. Meeting with
Rockwell personnel concluded with a decision to continue the
launch countdown.

January 28, 1986. STS 51-L was launched at approximately 11:38
a.m. Eastern Standard Time.

2. SUMMARY OF CASING JOINT DESIGN

Issue

Why did the aft field joint between the steel containers that hold
the Solid Rocket Motor propellant fail to contain the burning gases
of the propellant during lift-off and flight operations?

s2a John Wark, “Bitter Freeze is Expected to Clobber State Tuesday,” The Orlando Sentinel,
Jan. 26, 1986, p. B-3.
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Findings

1. The design of the field joint was unsatisfactory and could not
reliably contain the burning propellant gases under the range of
o%erating conditions to be expected during the lift-off and flight
phases.

2. The O-ring materials and putty used in the design of the joint
were unsatisfactory as used on the Shuttle, particularly during the
winter months. Furthermore, neither NASA nor its contractor,
Morton Thiokol, can adequately control the quality or consistency
of these kinds of materials, which are made from recipes known
only by the manufacturer and which can be changed without certi-
fication and approval.

Recommendations

1. NASA should write and issue a new and more accurate per-
formance specification which would cover the full range of thermal
and structural requirements for the Solid Rocket Motors, with an
adequate factor of safety for unusually low temperatures.

2. The Committee concurs with the Rogers Commission Report
Recommendations on new joint design, but believes it is more ap-
propriate to be more explicit in identifying the weaknesses in the
joint design that need correction.

3. The field joints of the Solid Rocket Motors should be rede-
signed to account for the following features while providing a sig-
nificant factor of safety:

a. Movement in the joint;

b. Proper spacing between tang and clevis;

¢. Seals made to withstand high and low temperatures under
all dynamic thermal and structural loadings;

d. Adequate sealing without the use of putty;

e. Protection against insulation debonding and propellant
cracking.

Discussion

This section is a summary of Section VII, Casing Joint Design.
For details and substantiation of the statements made in this sum-
mary, refer to Section VII.

The evidence, consisting of recovered pieces of the right Solid
Rocket Motor casings, photographs of smoke and flame emanating
from the right Solid Rocket Motor and telemetry data transmitted
from STS 51-L back to Mission Control at the Johnson Space
Center verify the failure of the aft field joint of the motor.

As mentioned earlier, NASA’s performance specifications did not
anticipate operations at temperatures below 31 degrees, a tempera-
ture that might occur in Florida during the winter months. The
design of the joint was unsatisfactory to provide for the low tem-
peratures or water in the joints that existed on January 28. While
it was based on an existing similar rocket casing joint design that
had been successful, the design was changed to accommodate the
manufacturing requirements of the larger sized shuttle rocket
motors. There were even some features of the revised design that
indicated the changes were an improvement. It was easier to as-
semble in the field and it had a second O-ring. The designers
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thought if the first O-ring failed, the second would surely hold the
propellant gases.

The casing joints, as described in the Introduction, have to with-
stand various structural loads, which change dramatically as the
shuttle is assembled, through launch operations, separation of the
Solid Rocket Booster and retrieval from the ocean. The joint is dy-
namic; the components move under these loads. The loads carried
by the aft field joint are different from those carried by other
joints. The design, based on these loads and 24 successful missions,
appeared satisfactory.

One of the loads, however, that of the propellant gas pressure,
was not adequately accommodated. The zinc chromate putty, in-
tended to protect the O-rings from this high temperature and rela-
tively high pressure gas, frequently failed and permitted the gas to
erode the primary O-rings.

Instead of redesigning the joint, NASA and Thiokol persisted in
trying to fix the problem by changing leak-test pressures, changing
the size of the O-rings, and trying to control proper spacing be-
tween the tang and clevis where the O-rings were located.

Complicating this problem, two of the materials used in the joint,
the putty and the fluorocarbon elastomer O-rings, were not suited
to the task of containing the propellant gas under the full span of
Shuttle operating conditions. The behavior of the fluorocarbon elas-
tomer O-rings was something of a mystery to NASA and its con-
tractor. The material was ‘proprietary,” meaning that the con-
stituents used were known only to the manufacturer. Fluorocar-
bons are expensive, so fillers are frequently added to reduce the
cost of the material. These materials behave unlike most other ma-
terials. The particular material used in the manufacture of the
shuttle O-rings was the wrong material to use at low tempera-
tures.33 Nitrile or silicon based materials would have demonstrated
better performance characteristics.

It became necessary to find a new putty when the original sup-
plier, Fuller O’Brien, stopped making it because it contained asbes-
tos. The characteristics of the new putty changed substantially in
response to the quantity of water in the air and it was difficult to
apply in both the dry climate of Utah and the dampness of Florida.
Its performance in use was highly unpredictable. Again, NASA and
its contractor tried to make up for the unsatisfactory material by
storing it under refrigeration prior to application in Florida.

After ignition of the solid propellant in the SRM, it was learned
that the O-ring could be seated by the motor’s gas pressure yet still
suffer erosion as the hot gases came in contact with it. As men-
tioned, O-ring erosion was noted after various flights and tests.
Also seen was damage given the name “blow-by”’, a condition
where erosion was not necessarily present but where there was evi-
dence that the propellant gas had bypassed the primary O-ring.
But rather than identify this condition as a joint that didn’t seal,
that is, a joint that had already failed, NASA elected to regard a
certain degree of erosion or blow-by as “acceptable.” To make mat-
ters worse, confidence was mistakenly obtained from a mathemati-

33 NASA’s primary concern was having a very durable material with excellent high tempera-
ture performance characteristics.
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cal model which suggested that if the erosion did not exceed a spe-
cific depth, the O-ring would still seal that joint. In cases where the
erosion did exceed the maximum predicted by the model, NASA ex-
panded its experience base to cover this increased damage.

As the joint seals continued to exhibit erosion or blow-by or both,
more research illustrated the importance of maintaining proper
gap spacing between the tang part of the joint and the O-ring face
of the inner clevis leg. Too little space, and the O-rings would not
seal. Too much space, and again the seals would fail. Since the
joint opens, or ‘rotates,” when the Solid Rocket Motor is ignited,
maintaining proper spacing was difficult if not impossible. The
maintenance of such close tolerances in spacing, on the order of 20
thousandths of an inch, while joining 300,000 lb. segments that
have been bent during shipment, was not sufficiently provided for
in the design. Months passed until, in 1985, engineers at NASA rec-
ognized that the design was unsatisfactory. In fact, NASA had writ-
ten to several other contractors soliciting help with the joint prob-
lems. Unfortunately, in the quest to meet schedule and budget, the
warnings of the engineers were not heeded.

Based on the above conditions and the evidence, the Committee
has endeavored to determine the way in which the joint failed; rec-
ognizing that such a determination is difficult, if not impossible, to
make with 1009% certainty.

The following is the most probable sequence of the joint failure:

1. The failure occured in the lower assembly joint near a strut
that connects the Solid Rocket Booster to the External Tank.

2. At that location, the spacing between the two casings was too
small to facilitate a tight seal.

3. Also, at that location, there probably existed a hole through
the insulating putty, which would act as a conduit concentrating
the hot propellant gas on the primary O-ring.

4. The freezing temperatures reduced the capability of the O-
rings to seal. Worse, at this particular location, near the connect-
ing strut, the joint was made even colder by the further loss of
heat caused by the direct connection to the liquid hydrogen fuel, at
423 degrees below zero, in the external tank.

5. When the Solid Rocket Motors were ignited, the pressure from
the motor changed the spacing between the casings. Among other
effects, this can prevent the secondary O-ring from sealing.

6. Seven inches of rain fell while the shuttle was being prepared
for launch. Water very likely penetrated the joints and froze. Ice in
the joints could have dislodged the secondary O-ring even if the
change in spacing, coupled with a cold and stiff O-ring, did not.

7. Smoke at ignition occurred at a location near the connecting
strut to the external tank. At that location, the primary O-ring was
either unseated or eroded and the secondary O-ring was unseated.

8. The primary O-ring was sealed at other locations around the
motor casings.

9. The breach in the primary O-ring clogged with burned char
and aluminum oxide from the propellant in less than 3 seconds,
causing the smoke to stop.

10. At 37 seconds, 45 seconds and 58 seconds into the flight, the
Space Shuttle encountered heavy turbulence, which forced the
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steering controls to cycle through changes more severe than previ-
ous flights.

11. After throttling back to 65% power as planned, at 57 seconds,
power was increased to 104%.

12. The combined effect of the turbulence and the increase in
power caused the material which clogged the joint to break free,
reopening the joint.

13. A flame from the right Solid Rocket Motor was seen at the
location near the connecting strut.

14. This flame burned through the external tank and caused the
destruction of the shuttle.

Since the technical faults in the joint design must be corrected if
safe shuttle flight is to resume, this subject has been discussed in
more detail in Section VII.

3. TESTING AND CERTIFICATION

Discussion

In developing the Solid Rocket Motor, Thiokol concentrated most
of their efforts and concerns on the proper design and performance
of the propellant. There is no question that this is where the em-
phasis on safety and performance is required. The propellant is a
high performance material, dangerous to manufacture and handle
and which must be prepared to the highest quality standards. Con-
sequently, testing and certification of the propellants, as well as its
performance, was carefully controlled. This does not mean that the
design of the casings was ignored. Considerable attention was paid
to the design of the casings because they were larger than seen on
any previous Solid Rocket Motor, because this Solid Rocket Motor
would be used on a manned flight system, and because these par-
ticular motors would be brought back, refurbished and reused.
Given this background, the testing of the joint was included in
static firing tests. While there were no special tests conducted to
confirm and certify the joint as a separate item, analysis was per-
formed to assure that the joint was adequate. Later, during the op-
eration of the Solid Rocket Motor, it was discovered that the per-
formance of the joint was unsatisfactory.

4. MANUFACTURING

The Solid Rocket Motor is 126 feet long and 12 feet in diameter.
The propellant weighs 1.9 million pounds and the average thrust is
2.3 million pounds. Fifty of these motors have been produced. The
segmented Solid Rocket Motor case is roll formed from D6AC steel.
The case is weld-free and consists of eleven segments. The propel-
lant is made in batches at 135 degrees F and it takes 40 to 43 of
these batches to load one casting segment. One segment includes
two steel cases which are joined in the factory. The content and
quality of the materials used to make the propellant is inspected
prior to mixing. The motor is designed for a short burn time (122
seconds) and therefore has a high mass flow which requires a large
burning surface. In manufacture, either new steel casings or previ-
ously used casings are employed. The first step is to apply the
rubber insulation liner around the inside of the casings. The insu-
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lation is removed from a roll and spread around the inside of the
casings with special tooling. After application it is cured in place in
an autoclave. After the casings have been insulated, they are
placed in a casting pit. The propellant is then poured into the cas-
ings under vacuum. The propellant is then cured and the casings
are removed from the pit. There is no indication that there were
iany manufacturing defects that contributed to the loss of the Chal-
enger.

5. STACKING OPERATIONS

Issue

Was there any damage to the casing joints or contamination that
occurred during the stacking operations when the Shuttle was as-
sembled in the Vehicle Assembly Building (VAB) that could have
contributed to the failure?

Finding

There was no evidence of joint contamination, fracture, or other
damage from foreign objects or due to casing ovality that contribut-
ed to the joint failure. Although certain problems occurred during

stacking and the procedures were violated once, there was no evi-
dence that these events contributed to the Flight 51-L accident.

Discussion

The discussion of the assembly of the aft field joint on the right
hand Solid Rocket Booster is drawn from the “STS 51-L SRB Joint
Mate Review Team’ report 332 The report was provided to Commit-
tee staff during the Committee’s trip to KSC on June 6, 1986.

There were 24 Solid Rocket Booster sets (48 SRBs) stacked prior
to STS 51-L. The stacking experience of the technicians involved in
STS 51-L ranged from 5 to 20 stacking operations. Sixty percent of
the technicans and all of the supervisory personnel, including lead
technicians, had participated in the 14 stacking operations per-
formed since the Shuttle processing contract was awarded to Lock-
heed. Thiokol managed the stacking operations for Lockheed under
a subcontract. The NASA Accident Review Team found that all
personnel assigned to the stacking of STS 51-L were experienced
and qualified to perform their assigned tasks.

Aft segment receiving inspection and processing in the Rotation,
Processing and Surge Facility (RPSF) was normal. No problems
were reported relative to the aft segment clevis during offload from
the railcar, mate to the aft skirt, aft booster assembly, or in prepa-
ration for transfer to the Vehicle Assembly Building (VAB) for
stacking. Some surface defects were identified on non-sealing sur-
faces of the aft segment clevis, but were found not to exceed the
specification in the Operations and Maintenance Requirements
Specification (OMRS) document. There were no defects identified in
the clevis O-ring grooves. The aft segment was processed normally
in the RPSF to prepare for stack.

33a NASA, J. Robert Lang, KSC, “STS 51-L SRB Joint Mate Review Team Report,” March 18,
1986.
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A problem was reported at the 165-168 degree location where a
segment case-to-insulation bondline separation 0.109 inch in depth
(longitudinally) was found. The OMRS document specifies no sepa-
rations in excess of 0.050 inch. A Material Review Board (MRB)
repair was approved and the separation was filled with an asbestos
float-filled, liquid epoxy resin sealant. This repair is standard for
this type of separation, and has been performed on numerous seg-
ments. Some surface defects were identified on the tang, but none
were found to exceed specification.

The right aft booster assembly was transferred from the RPSF
directly to the VAB transfer aisle. Positioning of the aft booster as-
sembly on the Mobile Launch Platform (MLP) holddown posts was
normal. One iteration of shimming was performed and the subse-
quent holddown post strain gauge output indicated proper distribu-
tion of aft booster assembly loads.

Holddown hardware was installed and stud tensioning began
with ultrasonic measurement of stud initial lengths. A problem
was reported at holddown post #1 when ultrasonic measurements
indicated a stud length twice the actual. The stud and associated
hardware at post #1 were removed for offline bench testing. The
problem was isolated to a faulty ultrasonic transducer. While
awaiting replacement hardware, studs at holddown posts #3 and
#4 were tensioned satisfactorily. The stud at holddown post #2
was tensioned but adequate margin was not attained.

This problem in tensioning studs at holddown posts #1 and #2
led to a revision in the schedule. All left hand Solid Rocket Motor
segments were stacked while problems on the right hand side were
resolved. This procedure had been employed in one-third of the pre-
vious stacking operations and was not an uncommon method of
stacking.

After installation of the replacement hardware at holddown post
#1, studs at posts #1 and #2 were tensioned. The replacement
stud at post #1 was brought up to satisfactory tension, but con-
cerns over stud tension at post #2 prompted engineering to re-
quest that a problem report be generated.

Engineering determined the tension (approximately 690,000 lbs.)
was adequate for SRB stacking, but marginal for launch loads.
Therefore, stud removal and replacement was planned after SRB
stack but prior to Orbiter mate.

While holddown post stud tensioning proceeded, preparation and
inspection of the aft segment clevis was put in work. No problems
were identified on the aft segment clevis during this inspection.
Since a stacking delay was evident, the clevis was secured and
sealed to maintain inspection integrity until stacking could resume.

A Solid Rocket Motor configuration change was released as a
result of a handling incident. The SRM-25 left forward center seg-
ment was damaged during processing in the RPSF.34 Deviation Ap-
proval Request (DAR) Number RWW-376R1 was approved to re-
place the damaged segment with a left forward center segment for
SRM-26 motor set. In order to prevent flight performance imbal-
ance, the right aft center segment was also reassigned from SRM-

34 Mishap Report 86-0024, R.G. Smith, “Report of SRM Handling Ring Mishap Investigation
Board, Dec. 13, 1985.
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26 to the SRM-25 flight motor set. The SRM-26 right aft center
segment was transported to the VAB for stacking.

While this segment was outside the VAB, a storm occurred. A
Problem Report was generated as rain water was reported leaking
from under the segment protective covers. The segment was
brought into the VAB transfer aisle and hoisted for pre-stack in-
spection. At this time, all visible moisture was removed from the
aft surfaces of the segment. Inspections were performed and no
problems were identified as a result of rain water intrusion. The
MRB repair of the separation of insulation from the segment case
located at 165/168 degrees was reinspected and final acceptance
was verified. A complete inspection of tang surfaces and aft insula-
tion surfaces was performed and no problems were identified.

The use of this segment violated assembly procedure which re-
quires that the segments be protected from direct water entry and
it should not have been employed. While there is no evidence of a
direct connection to the joint failure, the decision to use this aft
center segment was a compromise that need not have been made.

The aft segment clevis diameter was measured at six locations
and corresponding measurements were taken of the aft center seg-
ment tang. Measurements indicated that a potential for interfer-
ence existed along the 0/180 and 30/210 degree axes where the
tang diameter was larger than that of the clevis. The normal proce-
dure for changing the shape (ovality) of the tang was initiated. The
procedure calls for reconfiguration of the segment lifting beam
from a four-point to a two-point lift configuration to decrease the
tang outside diameter along the axis of interference. The procedure
was followed and after stabilization, a decrease in tang diameter of
0.178 inch was measured along the axis of potential interference.
Shuttle Processing Contractor (SPC) engineering was called on to
evaluate the latest overall characteristics of the joint. At that time
the aft center tang was larger in diameter than the aft segment
glle(;/is by more than 0.31 inches along the two axes, 0/180 and 30/

These measurements still indicated a potential for interference
based upon normal KSC experience. SPC engineering determined
that additional deflection of the aft center segment case was neces-
sary and prescribed installation of the SRM Circumferential Align-
ment Tool along the 16/196 degree axis of the tang. The Circumfer-
ential Alignment Tool was installed and maximum hydraulic pres-
sure was applied (1200 psig), producing a deflection of 0.196 inch.
Later an unspecified torque on the Circumferential Alignment Tool
tension rod nut produced an additional deflection of 0.040 inch.
This additional torque caused an additional load and exceeded the
safe working limit of the tool. Technicians noticed an increase in
hydraulic pressure on the pumping unit gauge to 1300 psig at the
time torque was applied. This pressure indicates a force of up to
3250 pounds may have been applied to the segment case. Currently,
a force of 5000 pounds may be applied to the segment case. The
safety limits of the Circumferential Alignment Tool were exceeded
(safety factor reduced to 1.2), but the force applied to the segment
case was still well below the established maximum. However, the
procedure was determined to be inappropriate by the post-accident
investigation.
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The alignment tool used on the aft center segment of STS 51-L’s
right hand Solid Rocket Motor is now considered inappropriate by
NASA due to the concentrated loads applied at two points. A new
alignment tool is now being designed. However, the use of this tool
did not appear to have contributed to the STS 51-L’s accident.

With the Circumferential Alignment Tool installed, the right aft
center segment was hoisted from the transfer aisle and positioned
above the aft segment in the VAB High Bay. Installation of pri-
mary and secondary O-rings was performed, and no problems were
identified. Closeout photographs were then taken sho